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NUCLEOPHILIC DISPLACEMENT OF METHYL SULPHONIC ESTERS 
BY HYDROXIDE ION IN WATER! 


S. HARTMAN? AND R. E. ROBERTSON 


ABSTRACT 


Rate data for the reaction between OH™ and methyl benzenesulphonate, methyl methane- 
sulphonate, and dimethyl! sulphate in water are determined for a series of temperatures. The 
corresponding kon—/ku.o ratio are found to be 3 to 6 times smaller than those values 
characterizing the reaction for the methy] halides, and the ratios in all cases are temperature 
dependent. While the stability of the initial state solvation shell undoubtedly contributes to 
the difference between the halides and sulphonates in these reactions, it is probable that 
differences in nucleophilic interaction between the oxygen of the water molecule and the 
partially empty 4 orbital of the methyl carbon is a more important factor in determining the 
characteristic difference. 


In a recent paper (1) Fells and Moelwyn-Hughes suggested that the rough constancy 
of the kox—/Ru,o ratio of ~216 for the three methyl halides be taken as evidence for the 
similarity of the two reactions 


R—X + H:O = ROH + H*++X-, (1] 
R—X + OH- = ROH + X-.: [2] 


Extending this argument, the fact that the corresponding value for the above ratio for 
methyl benzenesulphonate was calculated to be 75 (2) would suggest some marked dif- 
ference in mechanism between the methyl benzenesulphonate and the methyl halides 
in one or both of the above reactions. The aim of this work was to determine the rate of 
base-catalyzed hydrolysis for the methyl benzenesulphonate, methyl methanesulphonate, 
and dimethyl sulphate and to examine any differences in the kow—/ku,o ratio between 
these values and the corresponding values reported by Moelwyn-Hughes for the methyl 
halides in terms of current mechanistic ideas. 


EXPERIMENTAL METHOD 


The experimental method adopted for the determination of the rate of bimolecular 
displacement of sulphonate ions from methyl esters by hydroxide was the classical one 
involving the use of ampoules containing a measured aliquot of the reaction mixture. 
Since the methyl sulphonic esters are relatively involatile at the temperatures studied, 
the presence of a small vapor space above the solution would not introduce the errors 
noted by Moelwyn-Hughes (3). There can be no doubt that there is a great need for the 
development of a method for obtaining bimolecular rate data such as sought here by 
some means which does not involve a sampling technique. However, the tube method 

1Manuscript received May 27, 1960. 
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was used in this instance in spite of its shortcomings because the rate data so obtained 
would be accurate enough as a basis for our conclusions. The methyl benzenesulphonate, 
methyl methanesulphonate, and dimethyl sulphate were from the same samples as had 
been purified for detailed study of the temperature dependence of the rate of hydrolysis 
of these compounds (4, 5, 6) and were used without further purification. The reaction 
mixture was made up to 0.02 N in NaOH and 0.01 M with respect to ester. Aliquots of 
5 cc+0.007 were added to ampoules with a semiautomatic tube filler, the filling tempera- 
ture being held at approximately 0° C in the case of the dimethyl sulphate. Rates were 
determined by immersing the required number of tubes simultaneously in the bath, with 
shaking, and, after allowing sufficient time for temperature equilibrium, initial tubes were 
chilled and analyzed for residual base. A series of such analysis over a suitable range of 
time, combined with corresponding solvolytic rates, provided the necessary data for 
calculation of the bimolecular rate of reaction, according to the following equation (7): 


” 1 b(a—x) _ ki 
~ (a—b)t " a(b—x) a-x 


Typical data for the hydrolysis of methyl benzenesulphonate at 30.0° C are given in 
Table I. 








ke 


TABLE I 


Typical kinetic data for the reaction of methyl benzenesulphonate 
and OH7- in water at 30.00° C 








Concentration of: 








Time, Base a, Ester 3}, kX 108, 
seconds moles/liter moles /liter liters/mole sec 
0 0.01671 0.00646 
7200 0.01490 0.00465 1.46 
9000 0.01451 0.00426 1.51 
14400 0.01368 0.00343 1.37 
16200 0.01339 0.00314 1.42 
18000 0.01312 0.00287 1.46 
19800 0.01289 0.00264 1.47 
21610 0.01272 0.00247 1.42 
23400 0.01254 0.00229 1.43 
25200 0.01241 0.00216 1.37 
27000 0.01218 0.00193 1.46 
© 0.01025 0 


k, = 2.146 10-5* 
ko(av.) = 1.44107 liters/mole sec 





*Reference 4. 
RESULTS AND DISCUSSION 


A summary of the rate data for the three compounds methyl methanesulphonate, 
methyl benzenesulphonate, and dimethyl sulphate is given in Table II for several tem- 
peratures. By combining these values with those for the hydrolytic process in the absence 
of base the corresponding kou—/ku,o ratios may be calculated. In Table III these are 
compared with the corresponding values for the methy] halides from the work of Moelwyn- 
Hughes (7). The difference in the value of this ratio between the methyl halides and that 
for methyl benzenesulphonate from the early work of Praetorius (8) is seen to be con- 
firmed and, if we may generalize from three examples, represents a general difference 
between the relative reactivity of the halides and sulphonates in respect to one or both 
reactions [1] and [2]. 
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TABLE II 
Summary of rate data for hydrolysis of methyl esters 














Temp., ki, ke, 
Ester a mole/liter sec sec! ke (average) ko/ki 
‘\ Me methanesulphonate 30.00 9.32;X10- ae > i 7.04X10-4 76 
t 40.00 -2.93,X10- 1.96 X 10-8 
1.96X10-3 1.96X10-* 67 
1.97X107 
5 5 5 3 
‘ 50.00 8.435X10 5.44x10-* 5.43107 64 
Me benzenesulphonate 30.00 2.146105 : pete 1.44x10-8 67 
40.00 6.780X10-° re i 4.221078 62 
50.00 1.96,10~4 1.09 X107? 
1.09 X10 1.09X10-? 55 
1.07 X10 
Dimethyl sulphate 5.00 1.12;X10-5 pg 9.08X10-* 81 
10.00 2.30; 10-5 — ot ae 1.67X10-2 73 





TABLE III 


A comparison of reactivity relative to methy] chloride for 
reactions [1] and [2] 











] RX kx/ke\(OH-) = kx/Rea(H20) 

MeCl 1 1 

MeBr 6.0 14.6 
Mel 6.6 3.5 
Me methanesulphonate 11.1 111.4 
Me benzenesulphonate 22 260 

Me methoxysulphonate (363) (3552 
Me phosphate (13.5) (0.36) 





Normal experience would suggest that individual differences would be more apparent 
for reaction with the weaker nucleophile (water), and support for this conclusion may be 
found in Table IV where the relative reactivity of the methyl esters is compared with 


TABLE IV 


Dependence of relative reactivity on displaced 
anion for methyl compounds in hydrolysis 











Anion kon-/ku20* ku/kpt 
Methoxysulphonate 47t 0.97 
Benzenesulphonate 50 0.96 
Methanesulphonate 56 0.96 
Chloride 180 0.92 
Bromide 226 0.90 
Iodide 300 0.87 





*Approximate values for 60° C. 

+Estimated from data at lower temperature. 

not a deuterium isotope effect from fully deuterated methyl] 
esters (6). 
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that of methyl chloride for the two types of reaction. For nucleophilic displacement by 
OH-, individual differences as a consequence of differences in the C—X bond being 
broken are surprisingly small (column 1, Table III). The differences in relative reactivity 
for hydrolysis show a slightly greater range of values for hydrolysis through the three 
halides (column 2, Table III) but a 10-fold increase in reactivity between the halides and 
the sulphonates. Hence, assuming that the difference is quantitative rather than qualita- 
tive, the reduced value of the koy—/ku,o ratio noted in Table IV is the consequence of 
the relatively greater increase in the reactivity of the sulphonic esters for hydrolysis, in 
the absence of strong base. 

Since a value of the kox—/ku,o ratio > 1 indicates (9) some degree of nucleophilic 
interaction in the activation process for hydrolysis, the reduced values of this term for 
the sulphonates (Table IV) would suggest that bond making is less advanced in the 
transition state for these compounds than for the halides. The inverse secondary deuterium 
isotope effect (ky/kp <1) recently reported by Llewellyn, Robertson, and Scott (6) for 
the hydrolysis of the above compounds leads to the same conclusion. Thus, the sharing 
of the p orbital between the entering and leaving groups leads to crowding of the transi- 
tion state which will vary with the degree of overlap required of the former in the 
transition state and so leads to a proportional increase in the C—H bending frequencies 
and corresponding changes in the zero-point energy terms. Gratifying confirmation of 
this interpretation is seen in the linear correlation between the ky/kp and kox—/ku.o 
ratios for a series of methyl esters (Fig. 1). 





O86Fr 


0.88 


0.96F 





0.98 


1.00 








i 1 1 
100 200 300 





k,0H7/ k, H0 


Fic. 1. A correlation of a-deuterium isotope effect with the kox—/ku»0 ratio. 


The temperature dependence of the Roxy—/kg,o ratio follows directly from the fact 
that reaction [1] is characterized by a large negative heat capacity of activation (6) while 
it would appear that this factor is small for reaction [2] (13). 

Differences in the stability of the initial state solvation shell about the two types of 
esters will also contribute to the difference in reactivity but it is difficult to evaluate the 
relative importance of this factor. Thus the medium isotope effect which appears to 
depend on the relative stability of the initial state solvation shell in light and heavy 
water is, for the sulphonates, but one-half the average value for the halides (10, 11) and 
shows a much lower temperature dependence as would be expected (12). Evidence for 
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modification of the initial state solvation shell by the nature of the sulphonate grouping 
may be also obtained by considering the relative heat capacity changes (AC¥) which 
characterize the hydrolysis of corresponding sulphonic and halide esters (4). The latter 
terms, which appear to be determined to an important degree by the temperature depen- 
dence of the stability of the initial state solvation shell, have less negative values for the 
sulphonic esters than for the halides, a result quite consistent with the indications of 
the medium isotope effect and supported by the value of 6xAH* (below). Against such 
arguments favoring the importance of initial state solvation differences in determining 
differences in reactivity must be considered the position of methyl phosphate in such 
reactions. Thus judging from the medium isotope effect (Rp,o/ku.o) the methyl phosphate 
would appear to have reduced the stability of the initial state solvation shell in a manner 
analogous to the sulphonates (11) (kp,o/ku,o for methyl methanesulphonate and methyl 
phosphate being identical, 0.94). The relative reactivity of the methyl phosphate, how- 
ever, is but one-third that of methyl chloride in hydrolysis, while methyl methane- 
sulphonate reacts 100 times faster (Table III). 

While no particular significance can be attached to small differences in the values of 
the enthalpy and entropy corresponding to the reaction of the sulphonates and the 
halides with hydroxide (Table V), there is, approximately, a regular decrease in enthalpy 


TABLE V 


Thermodynamic parameters for the reaction of a series of methyl esters with OH~ and H,O in water 














Base attack Hydrolysis 
AH*, AS*, AH*, AS*, 

MeX kcal/mole cal/deg mole Ref. cal/mole cal/deg mole Ref. 
Chloride 22,855 —5.5 (7) 25.263 —8.89 (14) 
Bromide 21,575 —3.5 (7) 24.142 —6.65 (14) 
lodide 20,795 —8.0 (7) 25.950 —3.94 (14) 
Methanesulphonate 19,500 —8.72 (*) 20.441 — 14.08 (15) 
Benzenesulphonate 19,180 —8.30 (*) 20.597 —11.58 (4) 
Methoxysulphonate (18,500) (—5.81) ¢*) (19.918) (—8.87) (5) 





*This paper. 


with increasing reactivity in contrast to the 4-5 kcal difference (6xAH*) between the 
values for the halides and the sulphonates in the hydrolysis reactions. With the exception 
of the iodide, the entropy change associated with the displacement by OH7 is 3-5 e.u. 
more positive than for the corresponding hydrolysis, as is required by the difference in 
the charge distribution in the initial and transition states. 
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THE CHEMISTRY OF ETHYLENE OXIDE 


VI. THE ACID-CATALYZED REACTION OF ETHYLENE OXIDE 
WITH ETHANOL-WATER MIXTURES! 


R. K. Brown anp A. M. EASTHAM 


ABSTRACT 


The rate of reaction of ethylene oxide with alcohol-water mixtures at 25°C has been 
determined. The ratio of glycol to ethoxyethanol in the product was determined for each 
—— oun found to be approximately equal to the molecular ratio of water to ethanol 
in the solvent. 


Ethylene oxide reacts with water to form ethylene glycol and with ethanol to form 
2-ethoxyethanol. The uncatalyzed and alkali-catalyzed reactions are very slow at ordinary 
temperatures but the acid-catalyzed reactions are rapid and suitable for kinetic measure- 
ments because they can be followed easily by the dilatometric method. Rate data are 
well established for the water reaction (1, 2, 3) but not for ethanol so this paper records 
the results of some measurements in ethanol and ethanol—water mixtures. 


EXPERIMENTAL 


Anhydrous ethanol was prepared from the commercial anhydrous material by dis- 
tillation from sodium and ethyl phthalate (4). No aldehydes could be detected with 
Tollen’s reagent. 

Commercial ethylene oxide having a purity of over 99% was used as received. 

Stock solutions of perchloric acid in alcohol were prepared from the 70% acid (per- 
chloric acid dihydrate) and anhydrous ethanol and were found to be stable for several 
weeks. All titrations were made witha pH meter as most acid-base indicators give 
unsatisfactory end points. 

Sodium perchlorate was dried by heating at 110° C for 24 hours, then over phosphorus 
pentoxide. It is sparingly soluble in dry ethanol so was used only with solutions con- 
taining at least 1% water. 

Lithium perchlorate was dried under vacuum for 8 hours at 100° C, then was held 
for 10 hours at 160° C in a stream of thoroughly dry air. The product was immediately 
dissolved in dry ethanol and used as a solution. 

For all reactions in aqueous ethanol the amount of glycol in the product was determined 
by the periodic acid — arsenite method (5). The remainder of the ethylene oxide was 
assumed to form ethoxyethanol. 

For the rate measurements, acid and salt were dissolved in the appropriate alcohol- 
water mixture in a dry container attached to the dilatometer. A small glass vial con- 
taining a weighed quantity of ethylene oxide was introduced and the solution was then 
degassed by slight suction. The solution was brought to constant temperature (25.0° C) 
in a water bath, the vial of oxide was broken by means of a plunger, and the solution 
was then forced into the dilatometer by air pressure. The concentration of oxide in all 
experiments was between 0.01 and 0.06 M and its rate of disappearance showed excellent 
first-order dependence under all conditions. Rates were evaluated by the Guggenheim 
method (6). 

1Manuscript received July 7, 1960. 
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RESULTS 


As the acid-catalyzed hydration of ethylene oxide shows a marked salt effect, it was 
desirable to evaluate this effect in ethanol so a series of runs were made with varying 
concentrations of lithium perchlorate and a constant acid concentration of 0.0034 M. 
The results were quite erratic possibly due to traces of water (see below), but indicated 
a strong positive salt effect. All points within the concentration range 0.005 M to 0.12 M@ 
of perchlorate ion were accounted for within +3% by a rate constant having the value 


kyt = 5.9+16.c¢ liter mole min, 


where ¢ is the total concentration of perchlorate ion. However, the data suggest that 
the salt effect may be even greater at lower salt concentration (compare the results for 
reaction of acetaldehyde in ethanol — hydrogen chloride solutions (7)). 

The corresponding expression for the salt effect upon the hydration of ethylene oxide 
at 25° C was found to be (2) 


kyt = 0.55+0.48 c, 


so the rate of reaction with ethanol is much faster than with water and shows a salt 
effect which is in the same direction but proportionately about three times as large as 
that in water. The subsequent runs in water-ethanol mixtures were conducted at a 
constant concentration of perchlorate ion (0.055 M) but the magnitude of the salt effect 
was not determined for each composition. It cannot be assumed that salt effects do not 
make at least a minor contribution to the shape of the curve in Fig. 1; presumably 
they make a larger contribution to the rate at the higher alcohol concentrations. 











TABLE I 
Composition of the product in alcohol—water mixtures 
Mole% 
Molarity HA0 Mole%H:0 glycol in product 

1 5.7 ~8s 
2 11 13 
4 20 26 
8 35 37 
12 46 47 
16 56 51 

20 63 60.5 
30 78 70 
43 92 86 
49 96 92 
52 98 95 
= 100 101 





The rates of reaction of ethylene oxide with water—ethanol mixtures containing up 
to 95 mole % of ethanol are shown in Fig. 1. Each point represents the average of several 
runs at acid concentrations varying from about 0.01 to 0.06 VM. The rates decrease to a 
minimum at about 40 mole % (ca. 15 wt.%) of water from either pure water or pure 
ethanol. Throughout this range the ratio of glycol to ethoxyethanol is approximately 
equal to the molecular ratio of water to alcohol in the solvent (Table I), which might 
indicate a reaction independent of the concentration of nucleophilic reagent. In other 
studies of competition between reactants for ethylene oxide in acid solution, however, it 
was found that the rate was markedly dependent upon nucleophilicity (2), so one must 
conclude that water and ethanol are about equally reactive under the present conditions. 
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It follows that the shape of the curve in Fig. 1 must be determined primarily by medium 
effects and by variations in the acid-base equilibria due to changes in the ratio of the 


‘ions H,O+ and C2:H;OH3>*. 


At water concentrations below about one molar, the rate increases very sharply with 
further reduction in the water concentration (Fig. 2). The extent of the increase cannot 
be estimated from the present data because solutions made up from 70% perchloric acid 
always contain small amounts of water, but it is at least 10-fold on reducing the water 
concentration from 1 M to about 0.015 M. Similar observations have been made by 
Deyrup (7) in studies of the acid-catalyzed reaction of acetaldehyde in ethanol solution 
and by Goldschmidt and his co-workers (8) in studies of acid-catalyzed esterifications 
in ethanol. The usual explanation is due to Goldschmidt and accounts for the decreasing 
rate with increasing water as due to the replacement of the ion C.H;OH,* by the less 
acidic and therefore less catalytic ion, H;0+. So far as we are aware, however, this 
phenomenon has been observed only in ethanol; in the reaction of acetaldehyde with 
methanol the effect of small amounts of water ought to be very large if the above explana- 
tion is correct, because the rate in pure methanol is greater than that in water by a factor 
of 10° (9). 
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THE PREPARATION OF SUBSTITUTED THIONOCARBAMATES! 


A. F. McKay, D. L. GarmalsE, G. Y. Paris, S. GELBLUM, AND R. J. RANz 


ABSTRACT 
The preparations and properties of a number of substituted thionocarbamates are described. 


The thionocarbamate derivatives in Tables I-IV were prepared by one of the following 
three methods: 


—HCl —HCl 
ROH + CSCl ————— ROC(S)Cl + R’NH, ———— R’NHC(S)OR, {1] 
(C2Hs)3N 
ROH + R’NCS ————— R’NHC(S)OR, [2] 
NaH 
ROH + R’NCS ————— R’NHC(S)OR. [3] 


Route 1 was used to prepare both the aryl arylthionocarbamates and the aryl aralkyl- 
thionocarbamates. Procedure 2 gave good results with aralkyl isothiocyanates but 
triethylamine did not catalyze the addition of aryl isothiocyanates to phenols under the 
conditions employed in this study. All of the benzyl N-substituted thionocarbamates were 
prepared by procedure 3. 

Harris and Fischback (1) reported the preparation of thionocarbamates by the reaction 
of amines with methyl xanthates. An attempt to prepare phenyl 3,4-dichlorobenzyl- 
thionocarbamate from S-methyl phenylxanthate by this procedure gave methyl 3,4- 
dichlorobenzyldithiocarbamate. Thus the phenoxy group was replaced more readily by 
3,4-dichlorobenzylamine than the methylmercapto group. However, if 3,4-dichloro- 
benzylamine is added to S-methyl ethylxanthate the methylmercapto group is replaced 
and ethyl 3,4-dichlorobenzylthionocarbamate is formed. These reactions are represented 
by equations 4 and 5. 


RNH; + <_ >-0c(g)scHs ——> RNHC(S)SCH: + <_>—OH (4, 
RNH; + C,H,OC(S)SCH; ——> RNHC(S)OC.H; + CH;SH (5] 


R= 3,4-Clo.C.sH 3CH.— 


The thiolcarbamates in Table V were prepared by treating the corresponding phenyl 
chlorothiolformates with the appropriate amines. The pheny! chlorothiolformates were 
obtained by treating the lead salts of the thiophenols with phosgene by the method of 
Rivier (2). 

An attempt to prepare phenyl 3,4-dichlorobenzylthionocarbamate by heating a metha- 
nolic solution of methyl 3,4-dichlorobenzyldithiocarbamate in the presence of Amberlite 
IRA-400 resin saturated with phenol gave methyl! 3,4-dichlorobenzylthionocarbamate 
in 48% yield. 

The aryl chlorothionoformates, which were isolated during these studies, are described 
in Table VI. 


1 Manucript received July 8, 1960. 
Contribution No. 28 from the L. G. Ryan Research Laboratories of Monsanto Canada Limited, LaSalle, Que. 
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EXPERIMENTAL? 
Di-3,4-dichlorobenzylamine 

A mixture of 3,4-dichlorobenzyl chloride (9.75 g, 0.05 mole) and 3,4-dichlorobenzy- 
lamine (35.2 g, 0.20 mole) was heated on the steam bath for 2 hours. Ether (200 ml) and 
10% sodium hydroxide solution (50 ml) were added, and the ether layer was washed with 
water and dried over anhydrous sodium sulphate. Fractionation of the ether extract 
vielded 15 g (85.2%) of unchanged 3,4-dichlorobenzylamine (b.p. 93-100°/1 mm) and 
di-3,4-dichlorobenzylamine (b.p. 175-180°/1 mm, n2° 1.60665, D7’ 1.3690), yield 10 g 
(59.7%). Anal. Cale. for CysHuClN: C, 50.20; H, 3.31; Cl, 42.34; N, 4.18. Found: 
C, 50.68; H, 3.44; Cl, 42.00; N, 4.13. 

A solution of the amine (0.61 g, 0.0018 mole) in absolute ethanol (30 ml) was acidified 
with hydrogen chloride. Di-3,4-dichlorobenzylamine hydrochloride (m.p. 228-229°) was 
recovered by filtration, yield 0.21 g (33%). Anal. Calc. for Ci4HyClsN: C, 45.26; H, 
3.26; Cl, 47.72; N, 3.77. Found: C, 45.17; H, 3.09; Cl, 47.80; N, 3.98. N-4-Chlorobenzyl- 
aniline (3) (b.p. 155°/0.5 mm) and di-4-chlorobenzylamine (m.p. 30-32°) were prepared 
in the same way in 62.8% and 60% yield respectively. A melting point of 31° has been 
reported (4) for di-4-chlorobenzylamine. 


2-(3,4-Dichlorophenyl )-acetonitrile 


A solution of 3,4-dichlorobenzy! chloride (48.87 g, 0.25 mole) in ethanol (50 ml) was 
added during 30 minutes to a stirred solution of potassium cyanide (19.50 g, 0.30 mole) 
in water (15 ml) at 60°. The mixture was refluxed for 4 hours, and then cooled and filtered. 
The filtrate was concentrated in vacuo and the residue was extracted with ether (100 ml). 
The ether solution was dried and evaporated, and the residue was distilled to give the 
product (b.p. 106-108°/0.1 mm; m.p. 35.5-38.5°), yield 37.6 g (81%). Recrystallization 
from ether — petroleum ether raised the melting point to 39.5-40.5°. Anal. Calc. for 
Cs3H;Cl.N: C, 51.65; H, 2.71; Cl, 38.12; N, 7.53. Found: C, 51.81; H, 2.92; Cl, 38.14; 
N, 7.56. 
2-(3,4-Dichlorophenyl )-ethylamine 

Aluminum chloride (6.66 g, 0.05 mole) in ether (150 ml) was added to a suspension of 
lithium aluminum hydride (1.99 g, 0.05 mole) in ether (100 ml) maintained in a nitrogen 
atmosphere. A solution of 2-(3,4-dichlorophenyl)-acetonitrile (9.3 g, 0.05 mole) in ether 
(200 ml) was added dropwise to the stirred mixture, and the stirring was continued for 
30 minutes. Water was added cautiously to destroy the excess lithium aluminum hydride 
and after further addition of water (total 140 ml) and 6 N sulphuric acid (140 ml), the 
aqueous layer was separated and washed with ether (100 ml). The aqueous layer was basi- 
fied with 40% sodium hydroxide solution at 0°, and the free base was extracted with 
ether (3X150 ml). Fractionation of the dried ether extract yielded the product (b.p. 
100-102°/0.12 mm), yield 6.75 g (71%). Anal. Calc. for CsHsCloN: C, 50.56; H, 4.78; 
Cl, 37.32; N, 7.37. Found: C, 50.25; H, 4.92; Cl, 37.16; N, 7.22. 

The amine in aqueous ethanol was converted into its picrate (m.p. 199-200°, decomp.) 
in the usual manner, yield 67.5%. Anal. Calc. for Cy4Hi2CloN.O7: C, 40.12; H, 2.89; 
Cl, 16.92; N, 13.37. Found: C, 40.15; H, 3.14; Cl, 17.06; N, 13.50. 
3-(3,4-Dichlorophenyl)-propionic Acid 

3,4-Dichlorobenzaldehyde was converted to 3,4-dichlorocinnamic acid (m.p. 214-217° C) 
in 69.2% yield by the method of Walling and Wolfstirn (5). 


2All melting points are uncorrected. Microanalyses were performed by Micro-Tech Laboratories, Skokie, 
Illinois. 
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3,4-Dichlorocinnamic acid (58.5 g, 0.27 mole) in glacial acetic acid (1500 ml) was 
hydrogenated at atmospheric pressure in the presence of 5% palladium on charcoal 
(5.8 g). The absorption of hydrogen ceased after 10.5 hours (6 liters). The solution was 
filtered and evaporated, and the residue was crystallized from water to give the product 
(m.p. 90-93°), yield 53.0 g (90%). Recrystallization from ethanol raised the melting point 
to 96-97°. Anal. Calc. for CgHsCl.O2: C, 49.34; H, 3.68; Cl, 32.37. Found: C, 49.07; 
H, 3.68; Cl, 32.41. ; 


3-(3,4-Dichlorophenyl)-propionamide 

A solution of 3-(3,4-dichlorophenyl)-propionic acid (53.0 g, 0.24 mole) and thionyl 
chloride (119 g, 1.0 mole) in benzene (100 ml) was allowed to stand overnight, and was 
then evaporated to dryness. The oily residue was added in portions to 28% aqueous 
ammonia (270 ml) with stirring at 20-25° and the mixture was stirred for 4 hours. The 
product (m.p. 76-80°) was recovered by filtration, yield 45.5 g (86.3%). Recrystallization 
from benzene — petroleum ether raised the melting point to 80—-81°. Anal. Calc. for 
CyHoCl.NO: C, 49.56; H, 4.16; Cl, 32.51; N, 6.42. Found: C, 49.78; H, 4.22; Cl, 32.67; 
N, 6.42. 


3-(3,4-Dichlorophenyl)-propionitrile 

A solution of the amide (37.9 g, 0.174 mole) and thionyl chloride (119 g, 1.0 mole) in 
benzene (200 ml) was refluxed for 5 hours, and the solution was then evaporated. Distilla- 
tion of the residue yielded crude 3-(3,4-dichlorophenyl)-propionitrile (b.p. 140-158°/ 
1 mm), yield 30.8 g (88%). Redistillation gave the pure product (b.p. 121°/0.4 mm, nj 
1.55403; doo 1.2742). Anal. Calc. for CgH7CloN: C, 54.02; H, 3.53; Cl, 35.44; N, 7.01. 
Found: C, 54.24; H, 3.66; Cl, 35.38; N, 7.03. 


3-(3,4-Dichlorophenyl)-propylamine 

3-(3,4-Dichlorophenyl)-propionitrile (18.0 g, 0.09 mole) was reduced by lithium 
aluminum hydride —- aluminum chloride in ether exactly as described above for 2-(3,4- 
dichlorophenyl)-acetonitrile. The product (b.p. 120-125°/1 mm) was obtained in 17.3 g 
(95%) yield. A redistilled sample (b.p. 104°/0.4 mm, m2? 1.55487, dzo 1.2082) was sub- 
mitted for analysis. Anal. Calc. for CgHi,:CloN: C, 52.96; H, 5.43; Cl, 34.75; N, 6.87. 
Found: C, 53.08; H, 5.45; Cl, 34.73; N, 7.09. 

The picrate of the amine, which was prepared in quantitative yield from water, melted 
at 150-151° after recrystallization from hot water. Anal. Calc. for CisHisCl2N.07: 
C, 41.59; H, 3.26; Cl, 16.37; N, 12.93. Found: C, 41.69; H, 3.21; Cl, 16.53; N, 12.84. 


Preparation of 4-n- Alkylphenols 

A series of 4-n-alkylphenols, three of which are new, was prepared by the general 
method of Sandulesco and Girard (6). 

4-n-Hexyl phenol 

4-n-Hexylphenol (b.p. 135-136°/0.4 mm) was prepared in 72.6% yield from p- 
caproylphenol. The reported (6) boiling point at 10 mm is 146-147°. 

4-n-Decyl phenol 

Decanoyl chloride (69 g, 0.35 mole) was heated with phenol (32.9 g, 0.35 mole) at 120° 
for 1 hour. The crude phenyl! decanoate was added during a 30-minute period to a sus- 
pension of anhydrous aluminum chloride (56 g, 0.42 mole) in carbon disulphide (100 ml). 
The reaction was exothermic and the solvent began to reflux during the addition. Refluxing 
was continued for 2 hours. The solution was then evaporated to dryness, and the residue 
was heated at 150° for 2 hours. Hydrochloric acid (200 ml of 18% HCl) was added cautiously 
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and the mixture was diluted with water (150 ml). The oily product was extracted with 
chloroform (200 ml) and the chloroform solution was dried and evaporated. Fractionation 
of the residue yielded 2-decanoylphenol (b.p. 130-133°/0.25 mm), yield 42.8 g (49.4%), 
and 4-decanoylphenol (b.p. 194-195°/0.4 mm), yield 15 g (17.3%). The p-isomer (m.p. 
59-60°) crystallized in the receiver. Anal. Calc. for CigH2sO2: C, 77.38; H, 9.74. Found: 
C, 77.26; H, 9.79. 

4-Decanoylphenol (10 g, 0.04 mole) in ethanol (50 ml) was added to a vigorously stirred 
suspension of amalgamated zinc (70 g) in 18% hydrochloric acid (140 ml) and the reaction 
mixture was refluxed for 2 hours. The mixture was extracted with toluene (100 ml) and 
the toluene solution was dried and evaporated. Fractionation of the residue gave 7.8 g 
(83%) of 4-n-decylphenol (b.p. 146-148°/0.75 mm). The product crystallized (m.p. 
54-56°) on standing. Anal. Calc. for CygH:g0: C, 82.00; H, 11.19. Found: C, 81.83; 
H, 11.01. 

4-n-Dodecyl phenol 

Phenol was heated with dodecanoyl chloride under similar conditions to form phenyl 
dodecanoate, which was rearranged to yield 51% of 2-dodecanoylphenol (b.p. 140-165°/ 
0.75 mm), and 29.5% of 4-dodecanoylphenol (b.p. 198°/0.25 mm). Reduction of 
4-dodecanoylphenol with amalgamated zinc and hydrochloric acid gave 4-n-dodecyl- 


. phenol (b.p. 154°/3 mm, m.p. 65-67°), yield 81%. Anal. Calc. for CisH30O: C, 82.38; 


H, 11.53. Found: C, 82.48; H, 11.58. 

4-n-Octadecyl phenol 

A mixture of stearic acid (113 g, 0.4 mole) and thionyl chloride (143 g, 1.2 mole) was 
refluxed for 1 hour. The mixture was distilled to give octadecanoyl chloride (b.p. 
159-162°/0.1 mm), yield 87.9 g (72.5%). The acid chloride was converted to phenyl 
n-octadecanoate, which was rearranged to 31.6% of 2-n-octadecanoylphenol (b.p. 
164-182°/0.15 mm) and 28% of 4-n-octadecanoylphenol (b.p. 209-212°/0.15 mm). 
Reduction of the para-isomer gave 4-n-octadecylphenol (b.p. 182-187°/0.15 mm, m.p. 
65-67°) in 83% yield. Anal. Calc. for CosHq2O: C, 83.18; H, 12.22. Found: C, 83.10; 
H, 12.00. 


Aryl Thionocarbamates 


Method A: 4-n-Propylphenyl 3,4-Dichlorophenylthionocarbamate 

4-n-Propylphenol (20.43 g, 0.15 mole) in 3% sodium hydroxide solution (200 ml) was 
added to a stirred solution of thiophosgene (17.25 g, 0.15 mole) in chloroform (200 ml) 
at 0-10° during a period of 30 minutes. The stirring was continued for 30 minutes and the 
chloroform layer was separated, dried, and evaporated. Distillation of the residue gave 
4-n-propylphenyl chlorothionoformate (b.p. 101—-102°/0.8 mm), yield 24 g (74.7%). 

3,4-Dichloroaniline (16.2 g, 0.1 mole) in chloroform (150 ml) was added to a stirred 
solution of 4-2-propylphenyl chlorothionoformate (10.73 g, 0.05 mole) in chloroform 
(200 ml) at 25° during a period of 30 minutes. The stirring was continued for 1 hour, 
and the precipitated 3,4-dichloroaniline hydrochloride (9.6 g, 97%) was removed by 
filtration. The filtrate was concentrated to a volume of 200 ml and petroleum. ether 
(300 ml) was added to give the product (m.p. 150-1519), yield 12.6 g (74%). Recrystalliza- 
tion from the same solvents did not raise the melting point. When the phenol was insoluble 
in dilute sodium hydroxide, the dried sodium phenoxide was reacted with thiophosgene 
in chloroform suspension. 

The compounds listed in Tables I and III, and those compounds in Table II for which 
no other method is noted, were prepared by this general procedure. 
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Method B: 4-Methylphenyl 3,4-Dichlorobenzylthionocarbamate 

A mixture of 3,4-dichlorobenzyl isothiocyanate (4.36 g, 0.02 mole), p-cresol (2.16 g, 
0.02 mole), and triethylamine (0.04 g, 0.0004 mole) was heated in a sealed tube at 80° 
for 4 hours. The reaction mixture was dissolved in ether (100 ml) and the ether solution 
was washed with 2% sodium hydroxide solution and with water. The residue obtained on 
evaporation of the ies solution (5.8 g, m.p. 92-96°) was recrystallized from petroleum 
ether (40 ml) to give the product melting at 115-117°, yield 4.4 g (67.5%). One crystalliza- 
tion from ether — petroleum ether solvent raised the melting point to 118-119°. This 
reaction was found to be generally applicable to the addition of phenols to aralkyl 
isothiocyanates. Compounds prepared by this method are included in Table II. 


Aralkyl Thionocarbamates 

3,4-Dichlorobenzyl 3,4-Dichlorobenzylthionocarbamate 

Sodium hydride (0.48 g of a 50% dispersion, 0.01 mole) was added to 3,4-dichlorobenzyl 
alcohol (1.77 g, 0.01 mole) in benzene (30 ml). The mixture was stirred at room tempera- 
ture until the evolution of hydrogen ceased, after which it was briefly heated to boiling. 
The cooled suspension of sodium 3,4-dichlorobenzyloxide was treated with 3,4-dichloro- 
benzyl isothiocyanate (2.18 g, 0.01 mole) in benzene (10 ml) and the mixture was stirred 
overnight. The precipitated sodio derivative (4.18 g) was dissolved in acetone and the 


solution was filtered clear of insoluble impurities (0.34 g). Acidification of the filtrate with 


aqueous acetic acid precipitated the product (m.p. 103-104°), yield 2.86 g (72.1%). 
Recrystallization from aqueous acetone raised the melting point to 104—105°. 

All of the compounds listed in Table IV were prepared by this procedure. 

1,4-Phenylene Di-(3,4-dichlorobenzylthionocarbamate ) 

A mixture of 3,4-dichlorobenzyl isothiocyanate (2.18 g, 0.01 mole), hydroquinone 
(1.10 g, 0.01 mole), and triethylamine (0.01 g, 0.0001 mole) was heated in a sealed tube 
at 144° for 3 hours. The crude product was triturated in ether (100 ml) to give 1.79 g 
(65.6%) of product (m.p. 165-170°). Recrystallization from aqueous acetone raised the 
melting point to 170-171°, yield 1.25 g (45.8%). Anal. Calc. for Ceo2HigCl4N2O.So: 
C, 48.38; H, 2.95; Cl, 25.96; N, 5.13; S, 11.74. Found: C, 48.49; H, 3.13; Cl, 25.98; 
N, 5.27; S, 11.73. , 

1,4-Phenylene Di-(benzylthionocarbamate ) 

A mixture of benzyl isothiocyanate (3.83 g, 0.026 mole), hydroquinone (1.41 g, 0.013 
mole), and triethylamine (0.023 g, 0.0023 mole) was heated in a sealed tube at 144° for 
3 hours. The crude product was extracted with ether, and the residue was recrystallized 
from aqueous acetone to give crystals melting at 171-172°, yield 0.24 g (4.6%). Re- 
crystallization from acetone raised the melting point to 178-179°. Anal. Calc. for 
CooHooN20S2: C, 64.67; H, 4.94; N, 6.86; S, 15.70. Found: C, 64.93; H, 5.07; N, 6.67; 
S, 15.79. 


Aryl Thiolcarbamates 

Phenyl chlorothiolformate (b.p. 90-95°/13 mm) was prepared in 18% yield by the 
method of Rivier (2). 

The chlorothiolformate (3.40 g, 0.02 mole) in chloroform (30 ml) was added dropwise 
to a stirred solution of 3,4-dichlorobenzylamine (4.30 g, 0.04 mole) in chloroform (10 ml) 
at 25°. The reaction mixture was allowed to stand overnight, and the precipitated 3,4-di- 
chlorobenzylamine hydrochloride (2.87 g, 100%) was recovered by filtration. The residue 
obtained on evaporation of the filtrate was crystallized from benzene — petroleum ether 
to give crystals melting at 101—102°, yield 2.65 g (55%). 
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4-Chlorophenyl chlorothiolformate (b.p. 145-155°/30 mm) was prepared in 67.5% 
yield from lead 4-chlorophenylmercaptide and phosgene, according to Rivier’s method (2). 
Condensation with the appropriate amine as described above yielded the other thiolcar- 
bamates listed in Table V. 


S- Methyl Phenylxanthate 

The reaction between carbon disulphide and potassium phenolate in ethanol (7) was 
found to yield only potassium ethylxanthate. Replacement of the ethanol by dimethyl- 
formamide yielded the desired potassium phenylxanthate. 

Carbon disulphide (6.09 g, 0.08 mole) was added during a 30-minute period to potassium 
phenolate (10.58 g, 0.08 mole) in dimethylformamide (80 ml) at 20°. Methyl chloride 
was bubbled through the reaction mixture for 30 minutes at 30°. Water (1500 ml) was 
added, and the mixture was extracted with ether (5100 ml). The ether extracts were 
combined and washed with 5% sodium hydroxide solution, 5% hydrochloric acid, and 
water. Fractionation of the dried ether solution yielded S-methyl phenylxanthate (b.p. 
82-84°/0.11 mm, n3* 1.62189), yield 6.0 g (41.8%). Anal. Calc. for CsHsOS:2: C, 52.15; 
H, 4.38; S, 34.80. Found: C, 52.15; H, 4.45; S, 34.19. 


Methyl 3,4-Dichlorobenzyldithiocarbamate 

Method A.—3,4-Dichlorobenzylamine (2.58 g, 0.146 mole) was added to S-methyl 
phenylxanthate (2.7 g, 0.0146 mole) at room temperature. The temperature rose to 42°, 
and the mixture gradually solidified. Crystallization from chloroform — petroleum ether 
yielded methyl 3,4-dichlorobenzyldithiocarbamate (m.p. 98-100°), yield 3.37 g (74.1%). 
Recrystallization from chloroform — petroleum ether gave the analytical sample melting 
at 100-101°. Anal. Calc. for CgsH eClsNSz: C, 40.61; H, 3.41; Cl, 26.64; N, 5.26; S, 24.08. 
Found: C, 41.11; H, 3.44; Cl, 26.07; N, 5.42; S, 24.14. 

Method B.—Carbon disulphide (16.75 g, 0.22 mole) was added to a stirred mixture of 
sodium hydroxide (8.8 g, 0.22 mole) in water (14 ml) and 3,4-dichlorobenzylamine (35.21 
g, 0.20 mole) in ether (100 ml) at 0-5°. The mixture was stirred for 1 hour at room tem- 
perature, and the sodium 3,4-dichlorobenzyldithiocarbamate (40.7 g, 75%) was recovered 
by filtration. The sodium salt (13.71 g, 0.05 mole) was added to a solution of methyl 
iodide (7.10 g, 0.05 mole) in methanol (150 ml) and the mixture was allowed to stand for 
1 hour. The solution was concentrated and diluted with water, giving methyl 3,4-dichloro- 
benzyldithiocarbamate (m.p. 95-100°). Recrystallization from benzene yielded the pure 
product (9.0 g, 71%), melting point and mixed melting point with the product described 
above in A was 100-101°. 


Methyl 3,4-Dichlorobenzylthionocarbamate 

A solution of methyl 3,4-dichlorobenzyldithiocarbamate (1.33 g, 0.005 mole) in 
methanol (50 ml) was refluxed for 1 hour in the presence of Amberlite IRA-400 resin 
(25 ml) which had been saturated with phenol. The solution was filtered and evaporated. 
Crystallization of the residue from chloroform — petroleum ether yielded methyl 3,4- 
dichlorobenzylthionocarbamate (m.p. 75-76°), yield 0.60 g (48%). Anal. Calc. for 
C,H,Cl.NOS: C, 42.23; H, 3.63; Cl, 28.35; N, 5.60; S, 12.82. Found: C, 42.23; H, 3.90; 
Cl, 28.60; N, 5.39; S, 12.59. 


Ethyl 3,4-Dichlorobenzylthionocarbamate 

The procedure is essentially that of Harris and Fischback (1). Methyl chloride was 
passed through a solution of potassium ethylxanthate (0.20 mole) in ethanol (200 ml) 
for 1 hour at 25-30°. 3,4-Dichlorobenzylamine (35.2 g, 0.20 mole) was added and the 
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solution was maintained at 40° for 30 minutes. The solution was evaporated, and the 
residue was dissolved in chloroform (200 ml). The chloroform solution was extracted with 
5% sodium hydroxide solution, 5% hydrochloric acid, and water. The chloroform solution 
was dried and evaporated to give ethyl 3,4-dichlorobenzylthionocarbamate (m.p. 55-58°), 
vield 16 g (30.3%). Anal. Calc. for CioHi:Cl2.NOS: C, 45.46; H, 4.19; Cl, 26.84; N, 5.30; 
S, 12.14. Found: C, 45.39; H, 4.30; Cl, 27.00; N, 5.70; S, 12.10. 
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ORGANOPHOSPHORUS COMPOUNDS 


VIII. O-ALKYL, O’-ARYL PHOSPHOROFLUORIDOTHIOATES AND O-ARYL 
N-ALKYL PHOSPHORAMIDOFLUORIDOTHIOATES' ? 


G. A. OLAH AND A. A. OsWALpb? 


O-Alkyl, O’-aryl phosphorofluoridothioates and O-aryl N-alkyl phosphoramidofluorido- 
thioates were prepared from the corresponding aryl phosphorochlorofluoridothioates and aryl 
phosphorodifluoridothioates. 


In a previous paper (1) the preparation of aryl phosphorochlorofluoridothioates and 
aryl phosphorodifluoridothioates was described. Using these compounds as starting 
materials, it was now possible to prepare the previously unknown O-alkyl, O’-aryl 
phosphorofluoridothioates and O-aryl N-alkyl phosphoramidofluoridothioates. 

O-Alkyl, O’-aryl phosphorofluoridothioates have been obtained in good yields by 
reacting aryl phosphorochlorofluoridothioates with sodium alcoholates, or with alcohols 
in the presence of NaOH or pyridine. 

| | 

er + HOR + NaOH(C;H;N) — wack Te + NaCl + H.O(C;H;N.HCl) 

Ss S 

Aryl phosphorodifluoridothioates react in a similar manner: 
—s + HOR + NaOH — acon hae + NaF + H.0. 
Ss 

The yields with this method, however, are in general slightly smaller than with aryl 
phosphorochlorofluoridothioates. 

The following O-alkyl, O’-aryl phosphorofluoridothioates were prepared: O-ethyl, 
O’-phenyl-; O-methyl, O’-p-tolyl-; O-ethyl, O’-a-naphthyl-; and O-methyl, O’-p-chloro- 
phenyl-phosphorofluoridothioates. Some physical properties and analytical data are 
shown in Table I. 














TABLE I 
O-Alkyl, O’-aryl phosphorofluoridothioates 
ArO 
e P—F 

ROY | 

S 

Fluorine 
Yield,* B.p., -" 

Ar R % °C/mm Np Calculated Found 
Phenyl Ethyl 77 75-76/3 1.5019 8.62 8.74 
p-Tolyl Methyl 91 79-80/3 1.5069 7.62 7.83 
a-Naphthyl Ethyl 73 124-125 /2 1.5730 7.03 7.16 
p-Chloropheny] Methyl 85 81-82/3 1.5241 7.89 7.89 





*Obtained by the reaction of aryl phosphorochlorofluoridothioates with sodium alcoholates. 


'Manuscript received May 31, 1960. al : 

Contribution No. 13 from the Exploratory Research Laboratory, Dow Chemical of Canada, Limited, Sarnia, 
Ontario, Canada. 

2Part VII: J. Org. Chem. 25, 603 (1960). 

3Present address: Research Department, Imperial Oil Limited, Sarnia, Ontario, Canada. 


Can. J. Chem. Vol. 38 (1960) 
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Alkyl esters of phosphoramidofluoridic acid were prepared by Saunders (2), Schrader 
(3), and Sartori (4) to combine the rapid toxic action and miotic effect of the dialkyl 
phosphorofluoridates and of the high toxicity of some of the phosphorodiamidofluoridates. 
The synthesis started from phosphorus oxydichlorofluoride and was carried out without 
the isolation of the ethyl phosphorofluoridochloridate intermediate according to the 
following sequence of reactions (5): 
3Cs6HsNH2 CP... 


POCLF + C;H,OH — C.H;,OPOCIF + HCl 
C.H;NH% 


+ 2C.s.HsNH:2. HCl. 
Similar reactions starting from phosphorus thiodichlorofluoride were used for the prep- 
aration of the alkyl esters of phosphoramidofluoridothioic acids as described in a previous 
paper of this series (6). No aryl esters of either phosphoramidofluoridic or phosphoramido- 
fluoridothioic acid were reported. 

In this work aryl esters of N-alkyl phosphoramidofluoridothioic acid were prepared 
by reacting aryl phosphorochlorofluoridothioates with a primary or secondary amine 
according to the following equation: 

F F 
ArO—P—Cl + 2HNR: > ArO—P—N R2. + R:NH.HCI. 
S S 
Aryl phosphorodifluoridothioates react with amines in a similar manner to yield O-aryl 
N-alkyl phosphoroamidofluoridothioates and amine hydrofluorides: 


F ‘ F 
| | 

ArO—P—F + 2HNR: — ArO—P—NR:; + R2NH.HF. 
S S 


Syntheses starting from aryl phosphorodifluoridothioates required somewhat higher 
reaction temperatures and gave slightly lower yields. 

In the place of the second mole of amine, pyridine (or another organic base) can be 
used to bind the halogen hydrogen formed in the reaction 


PF F 
| 

ArO—P—Cl + H:NR + C;HsN — ArO—P—NHR + C;H;N.HCI. 
S s 


Yields and purity of compounds were equivalent to previous methods. 














TABLE II 
O-Aryl N-alkyl phosphoramidofluoridothioates 
F 
\r0—P_NS 
ArO—P—} 
\R; 
Ss 
Fluorine 
B.p., a Yield,* — 
Ar Ri Re °C/mm Ny % Calculated Found 
Phenyl Metyhl Methyl 93-93 .5/3 1.5268 92 8.66 8.76 
o-Tolyl Methyl Methyl 91.5-92/3 1.5251 90 8.14 8.10 
o-Tolyl Methyl Hydrogen 110-110.5/3 1.5299 92 8.19 8.35 
Phenyl t-Butyl Hydrogen 123-124/2.5 1.5338 75 7.68 7.84 








*Obtained by the reaction of aryl phosphorochlorofluoridothioates with amines. 
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The following O-aryl N-alkyl phosphoramidofluoridothioates were prepared: O-phenyl 
N,N-dimethyl-; O-o-tolyl N,N-dimethyl-; amido-, O-o-tolyl N-ethyl-; and O-phenyl 
N-t-butyl-phosphoramidofluoridothioates. The yields and some of the properties of the 
compounds prepared are shown in Table II. 

All derivatives are colorless liquids. They are fairly resistant to hydrolysis. Therefore, 
they can be prepared also in water media in satisfactory yields. 


EXPERIMENTAL 
O- Alkyl, O’- Aryl Phosphorofluoridothioates 


(A) From Aryl Phosphorochlorofluoridothioates with Alcoholates 

Aryl- (phenyl-, p-tolyl-, a-naphthyl-, and p-chlorophenyl-) phosphorochlorofluorido- 
thioate (0.1 mole) was dissolved in 100 ml of benzene (ether could be also used as an 
alternate solvent) and placed in a 500-ml three-necked flask equipped with a stirrer, 
dropping funnel, and thermometer. The other reagent, 0.1 mole of sodium alcoholate 
(methylate and ethylate), was dissolved in the corresponding alcohol. The sodium 
alcoholate solution was then added in small portions to the aryl phosphorochlorofluori- 
date while the reaction mixture was stirred and cooled in an ice bath. Sodium chloride 


precipitated instantly. After the reaction mixture was allowed to stand for 2 hours, it 


was washed with three volumes of water, then with 2.5% sodium carbonate solution, 
and then again with water. The mixture was dried over anhydrous sodium sulphate, 
and the solvent was removed by distillation at atmospheric pressure and then the 
remaining product was fractionated im vacuo. For yields, physical and analytical data 
see Table I. 


(B) From Aryl Phosphorochlorofluoridothiecates with Alcohols 

A solution of 0.1 mole of aryl phosphorochlorofluoridothioate in 50 ml of the corre- 
sponding alcohol (methanol or ethanol in our experiments) was placed into a 200-ml 
flask equipped with a mechanical stirrer, dropping funnel, and thermometer. To the 
alcoholic solution, an aqueous solution of 4.0 g (0.1 mole) of sodium hydroxide (in 15 ml 
of water) was added dropwise, with effective stirring and ice-water cooling. After the 
addition, the reaction mixture was allowed to stand overnight at room temperature and 
then extracted with 150 ml of ether. The ether solution was washed with water, 1% 
aqueous sodium hydroxide solution, and then again with water. The ether solution was 
then dried over anhydrous sodium sulphate, the solvent was removed by distillation at 
atmospheric pressure, and the remaining raw O-alkyl, O’-aryl phosphorofluoridothioate 
was purified by fractionation im vacuo. 

In the presence of pyridine.—To a solution of 0.1 mole of aryl phosphorochlorofluorido- 
thioate in 50 ml of the corresponding alcohol, a solution of 0.1 mole of pyridine in 100 ml 
of ether was added slowly with shaking. After the addition, the reaction mixture was 
allowed to stand overnight, diluted with 200 ml of water and 100 ml of ether. The ether 
phase was washed successively with water, 5% aqueous sodium carbonate, and water 
and then dried over sodium sulphate. The solvent was removed by distillation, and 
the O-alkyl, O’-aryl phosphorofluoridothioate was obtained by fractionation im vacuo. 


(C) From Aryl Phosphorodifluoridothioates 

Aryl (a-naphthyl-, and p-chlorophenyl-) phosphorodifluoridothioate (0.1 mole) was 
dissolved in 100 ml of benzene and reacted with an alcoholic solution of 0.1 mole of 
sodium alcoholate (methylate and ethylate) as described under method (4A). 
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O-Aryl N-Alkyl Phosphoramidofluoridothioates 

(A) From Aryl Phosphorochlorofluoridothioates with Amines 

To a solution of 0.1 mole of aryl- (phenyl-, o-tolyl-) phosphorochlorofluoridothioate in 
100 ml of benzene (or toluene), 0.2 mole of the corresponding alkylamine (methyl, 
dimethyl, ¢-butyl) in 100 ml of benzene was added with cold water cooling and stirring. 
The amine hydrochloride precipitated instantly. The reaction mixture was allowed to 
reach room temperature and to stand overnight. The amine hydrochloride was then 
removed by filtration and washed with benzene. The combined filtrate was distilled; at 
first the benzene solvent was removed at atmospheric pressure and then the raw O-aryl 
N-alkyl phosphoramidofluoridothioate was fractionated im vacuo. Yields and physical 
and analytical data are shown in Table II. 

(B) From Aryl Phosphorochlorofluoridothioates with Amines and Pyridine 

To a solution of 0.1 mole of aryl phosphorochlorofluoridothioate in 150 ml of benzene, 
a mixture of 0.1 mole of alkylamine and 0.1 mole of pyridine was added dropwise with 
stirring. The reaction mixture was warmed to 50° C and kept at that temperature for 
an hour. Then the pyridine hydrochloride precipitate was removed by filtration and 
washed with benzene. The combined benzene filtrates were washed with water, dried 
over anhydrous sodium sulphate and distilled. 

(C) From Aryl Phosphorodifluoridothioate 

To a benzene solution of 0.1 mole of phenyl phosphorodifluoridothioate, 0.2 mole of 
alkylamine (dimethyl and ¢-butyl) in 100 ml of benzene was added with stirring. The 
reaction mixture was heated to 50° C and kept at that temperature for an hour. Then 
it was worked up as described under method (4). 
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THE DETERMINATION OF THE AREAS OF RESOLVED AND 
PARTIALLY RESOLVED CHROMATOGRAPHY PEAKS! 


JouNn C. BARTLET AND D. Morison SMITH 


ABSTRACT 


Gas chromatographic peaks were demonstrated to have the form of normal distribution 
curves. A mathematical treatment has been developed which permits the calculation of the 
areas of these curves from the statistical parameters, height of the mode (peak height), and 
standard deviation o. The standard deviation equals the width of the peak at 0.882 of peak 
height. Methods given for the evaluation of the mutual effects of overlapping peaks have 
made it possible to obtain corrected peak heights. The standard deviation of the gas chromatog- 
raphy peak has been found to vary linearly with the retention time, thus permitting the 
graphical estimation of o for use with corrected peak heights in the calculation of true areas 
for overlapping peaks. The method has also been extended to the treatment of skewed, over- 
lapping peaks. The variation of o with retention time, its constancy, and its relationship to 
the number of theoretical plates are discussed. 


INTRODUCTION 


In quantitative gas chromatography using a differential detector, the area under the 
peak corresponding to a compound is proportional to the amount of that compound 


present in the gas stream. Area measurements are therefore fundamental. 


Various procedures have been proposed for the measurement of peak areas. The 
integrator built into the recorder is the least laborious, but suffers from obvious dis- 
advantages if there is a base-line drift or if there are overlapping peaks. The triangulation 
procedure (1) gives a good first approximation. Another procedure which has been 
widely used is to cut out the peaks or a tracing of the peaks, and to weigh the cut paper. 
Planimeter tracing has also been used. With all these procedures, precision and accuracy 
suffer when the peaks are very narrow or if two or more peaks have a moderate overlap. 


AREA OF SYMMETRICAL PEAKS 

(a) Isolated Peaks 

It has been pointed out and developed theoretically (2, 3, 4) that the peaks obtained 
with a well-designed chromatograph closely approximate a normal or Gaussian distribu- 
tion curve as shown in Fig. 1. The equation for this type of curve is given by Goulden (5) 
as 
[1] Yo A... gr 

ov/2n 
where Y is the height of the curve measured at a distance x from the mean, N is the number 
of variates, which, for our purposes may be taken as the area, A, and o@ is the standard 
deviation. At the mean or central peak of the curve, x = 0, Y = A or peak height, and 
equation [1] becomes 


41 





2 k= 

2] ov/24 

or 

[3] A = hoW2e = 2.507he. 


1 Manuscript received June 30, 1960. 
Contribution from Food and Drug Directorate, Department of National Health and Welfare, Ottawa, Canada. 
Presented in part at the Ottawa Meeting of the Chemical Institute of Canada, June 14, 1960. 
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Fic. 1. The normal distribution curve. 





For a normal distribution curve, ¢ may easily be determined, as shown in Fig. 1, by any 
one of the formulae which have been derived from Sheppard’s tables of the Probability 
Integral (Biometrika Tables) (6). Thus, for an isolated peak, the area may be calculated, 
without construction, by simply measuring the peak height and the o derived from the 
peak width at 0.607/ or 0.324h and substituting in equation [3]. For accuracy, the peak 
width measurements for ¢ should be made using a magnifying viewer with reticle such 
as the Bausch and Lomb spectrum measuring magnifier No. 81-34-97-20. 

The conformity of the peaks to the normal distribution curve can be tested by measur- 
ing the peak width of an isolated peak at the various heights listed in Fig. 1. The o 
obtained should be constant or nearly constant to a peak width of 4c. 

Figure 2 gives a typical chromatogram for which the o of the various peaks are indicated. 
Some of these values and others taken from other chromatograms using pure standard 
substances on the same column have been plotted against retention time in Fig. 3. As 
may be seen from the figure, the function is linear. In this way, the value for ¢ may be 
obtained from the graph for peaks which are insufficiently resolved for accurate measure- 
ment. These values of o can be used directly in equation [3] for resolved peaks. 


(6) Unresolved Peaks 
If distances along the x axis are measured in terms of o and the area is taken as 1 
(i.e., a standardized normal distribution) then equation [2] becomes 


1 
4 h=— 
[4] V2e 
and the ordinate Y becomes Z (5). Then 


—4k(z/e)2 
é 
5] z=. 


Vir 


( 


Note that Z = h = 1/+/2_ when x = 0. 
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Fic. 2. Gas chromatogram of peppermint oil. Temperature of column, 170°; flow rate, 80 ml/minute 
of helium; packing, 20% SAIB on Chromosorb W, 2} meters long. 
Fic. 3. Relationship of o, standard deviation, to retention time, fr. 


The values for Z may be found in Sheppard’s table (5) for a standardized normal distribu- 
tion curve. These values have been converted to percentage of peak height h at a distance 
x from the mean. Figure 4 gives these percentage corrections at separations, x, measured 
in units of the o of the interfering peak. 

When there are two incompletely resolved peaks as in Figs. 5 and 6, it is possible to 
calculate the height of the curve due to one component at the position of the other peak, 
and thus the contribution of one component to the observed peak height of the other. 

For example, let us consider two peaks, a and 3, of peak heights 4, and hy separated by 
x (measured in units of o, and hence called x,) as shown in Fig. 5. The ordinate Y of the 
curve of peak a at a distance x, from the mean is given by substituting h, for N/o/2z in 
equation [1]. 
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Fic. 4. Peak height corrections for given separations measured in units of the ¢ of the interfering peak. 
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This is obviously the first member of a series of iterative approximations, whose later 
members are usually too small to be considered. However, if both h, and hy are large and 
x is small, it may be necessary to carry through the corrections a second time using h,’ 
in place of hg in equation [7] and h,’ in the corresponding correction for hy. 

To simplify the correction for peak height, Fig. 4 or Sheppard’s table (6) may be used 
to obtain the percentage of the height of the interfering peak to be subtracted from the 
peak under consideration. If the separation is greater than 4o, the correction is usually 
negligible even though the valley between the peaks does not return to the base line. In 
the above example h, can similarly be corrected for the effect of peak 6, using x measured 
in units of oy. Note that if peak 6 comes after peak a, oy will be greater than o, as shown 
in Figs. 5 and 6, x» will be less than x,, and the percentage of h, to be subtracted from h, 
will be greater than the percentage correction of h, on hy. In Fig. 6 the correction for 
hy on hg is actually larger even though the peak 3 is smaller. 

Figure 5 shows two symmetrical peaks, which, although overlapping, are still well 
enough separated so that the peak positions can be determined. 

Figure 6 shows an extreme case where peak 6 appears only as a shoulder. The correc- 
tions can still be applied provided the retention time of the second compound relative 
to the first is known from other data. This is necessary so that the distance x can be 


_measured accurately. 


Note that although in both Figs. 5 and 6 there is serious overlap, there is still only a 
relatively small correction on peak height. However, as may be seen from these figures 
a serious error would be introduced if the o used in the calculations were taken from the 
curve. In the case of overlapping peaks the o to be used must be derived from a graph of 
the type of Fig. 3 for accurate results. 


ASYMMETRICAL PEAKS 


A peak may be skewed and still have some of the properties of a normal distribution 
curve. Skewed peaks which will be considered in detail are of the type shown in Fig. 7 


i 























— Fe 
i?) 


Fic. 7. Comparison of skewed and symmetrical distribution curves. 
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and have the following properties: 
1. The asymmetry is such that the locus of the midpoint of the peak width at all 
heights is a straight line (AB in Fig. 7). 
2. The peak width measured at the various heights listed on Fig. 1 shall yield a constant 
value for o. 
Skewness has been defined by Pearson (7) as (mean—mode)/o where the mean is the 
value which vertically bisects the area and the mode is the position of peak height. 
Figure 7 shows a skewed curve of the type described, along with a symmetrical normal 
distribution curve with arbitrary origin at 0. Line AC gives peak height h and line AB 
is the locus of the midpoint between the ascending and descending portions of the curve. 
The mode is given by point C. To a first approximation the mean or vertical bisector 
EDF of the area can be obtained from the half height, GDH, at its intersection, D, of 
line AB, thus, an approximate skewness, Sk, is given by 
1 
(9] sp CROC LC gy EL. 
o Co o 

If the distance BC is less than o the error of this estimate of the mean is negligible. 

The distance BC cannot exceed 1.660 for any curve which satisfies the conditions of a 
straight line for the midpoint locus, AB, or a constant value for o at various points on 
the curve. Thus, the skewness, Sk, which can be treated, will be —0. sad to +0.83 (using 
the approximate mean derived from the above construction). 

(a) Area of isolated asymmetrical peaks.—As may be seen from Fig. 7, the areas of 
the symmetrical and the asymmetrical peaks are virtually identical. The area may there- 
fore be calculated from equation [3] where h = AC (Fig. 7). 

(b) Area of overlapping asymmetrical peaks.—lf two peaks, only one of which is 
skewed, overlap, the area of the asymmetrical peak can be calculated using the corrections 
for the contribution of the symmetrical peak to the peak height of the other as described 
in the previous section. 

The correction for the contribution of an asymmetrical peak to the height of either a 
symmetrical or skewed peak is more complicated and requires a series of successive approxi- 
mations. In the remainder of this section, points and lines referred to are taken from Fig. 7. 
The distance between the peaks is measured in terms of the o of the asymmetrical peak 
from the midpoint of the base line (point B) rather than from the mode (point C) to the 
mode of the second peak. The ordinate, Y, of the curve at the distance x can be calculated 
in the same way as for a symmetrical peak. The intersection of this height Y with the 
midpoint locus (line 1B) is determined, and a new value for the distance x is measured 
from this point to the mode of the second peak. The height, Y, is recalculated using the 
corrected distance, and the entire operation is repeated if necessary. 

These corrections, after the successive approximations, are given in terms of percentage 
of the interfering peak for various values of skewness, Sk, in Table I. The distance x 
between peaks is given in terms of o of the interfering peak measured from the midpoint 
locus intersection with the base line (point B) to the mode of the peak under consideration. 
The corrections to be applied for symmetrical peaks (Sk = 0) have also been plotted on 
probability paper in Fig. 4. 


DISCUSSION 


The calculation for area using this method eliminates the subjective errors of construc- 
tion in the triangulation method or of cutting in the paper weighing method. It isa 
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reasonably rapid procedure for isolated peaks requiring only the measurement of peak 
height and the determination of ¢, either from the chromatogram itself by direct measure- 
ment or from a graph similar to Fig. 3 constructed from such measurements. For over- 
lapping peaks the area determination is much less subjective than by any other method, 
and can be done quickly after practice. 

A probability treatment for gas chromatography has been worked out by Sen (8). 
The values of the position of the peak (here called t,) and of o, the standard deviation, 
are stated to ‘completely define the distribution curve or the macroscopic behaviour of 
the column”’. Difficulty is frequently encountered inrepeating work on two different 
columns which apparently have been made up identically. The same conditions of flow 
rate and temperature do not produce the same results due to microscopic differences in 
packing, etc. With proper manipulation of the adjustable variables, it is possible to 
reproduce the probability and distribution of successes, that is, curves with the same f¢, 
and a. This should be aimed at, rather than duplication of flow rate, temperature, etc., 
since this also corresponds to duplication of the number of theoretical plates, 7, for, as 
pointed out by Schmauch (9), 


: ~()) 


Another way of presenting this data is in a plot of o versus ¢, (both in minutes) as given 
in Fig. 3. By reversing the criteria in the above paragraph, deterioration of the column 
packing can be detected. Thus, the constancy of the o versus ¢, plot obtained under 
fixed conditions will indicate that the column is still in its original state. 

If a measured value of o for a given peak falls off the plot of o versus retention time, two 
or more compounds have emerged together. Figure 2 gives the plot for a single SAIB 
column (10) obtained from a large number of chromatograms of peppermint oil. The o 
obtained for one peak was invariably well off the curve even though the peak was often 
reasonably symmetrical. Further investigation showed that two compounds with nearly 
identical retention volumes were responsible for the wider peak. By a series of successive 
approximations using equation [3], it was possible to make an estimate of the two areas. 

For all calculations in this paper, it has been assumed that the normal distribution 
curve holds true. Factors affecting the peak shape such as detector volume and sample 
size have been discussed by Johnson and Stross (11) and others. If both are kept small the 
curves obtained are sufficiently close to the normal curve for the use of these calculations. 
The peaks often obtained from highly polar compounds such as water, ammonia, amines, 
alcohols, etc. are too badly skewed to treat by calculations in this paper. 

Using these calculations it is possible to obtain a great deal of information from 
chromatograms with incompletely resolved peaks. Thus it may be unnecessary to use 
long columns, a variety of packings, or long elution times to complete a difficult analysis. 


SYMBOLS USED 


A = area. 

h = peak height. 

r = number of theoretical plates. 

t, = time between introduction of the sample and the peak emergence. 


peak width at any specified height. 

distance from a peak center measured in units of its o. 

the ordinate of the curve at a distance x from peak center. 
the special case of Y when A = 1. 

standard deviation. 
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SOLVENT EFFECTS AS AN AID IN THE ANALYSIS OF THE PROTON 
MAGNETIC RESONANCE SPECTRUM OF VINYL BROMIDE! 


T. SCHAEFER? AND W. G. SCHNEIDER 


ABSTRACT 


By making use of specific solvent effects it has been possible to vary the relative chemical 
shift between the geminal protons of vinyl bromide from about +10 cycles/sec to —4 cycles/sec 
(at 60 Mc/sec) and to study the resultant changes in the proton resonance spectrum in 
the limiting region of zero chemical shift. Of particular interest is the growth and displacement 
of the combination lines, which appear in the resonance signals of the proton bonded to the 
same carbon atom as the bromine. From the variation of the six possible lines in this region 
it was confirmed that the cis and trans proton coupling constants must have the same sign. 
The intensity distribution of the lines in the geminal proton region require the geminal 
coupling constant to be of opposite sign to the other two. 


INTRODUCTION 


Recent studies of specific solvent interactions (1) have shown that, within limits, it 
is possible to vary the relative chemical shifts of protons in certain molecules in a con- 
tinuous and controlled manner by altering the solvent conditions. This provides a very 
useful aid in arriving at an assignment and analysis of the proton spectrum, as well as 
a convenient method of studying the pronounced changes of the spectrum in the limit 
as the relative chemical shift is progressively reduced to zero. Solvent-induced shifts of 
this kind are generally observed for unsaturated molecules containing a strongly electro- 
negative or electropositive substituent (1). Vinyl bromide, CH2:CHBr, chosen for the 
present work, fulfills these conditions. Its proton spectrum is typical of a three-spin 
system and has been discussed by several authors (2, 3, 4, 5). Depending on the relative 
proton chemical shifts such spectra may be classed as ABX, ABC, or AB2 types and 
are observed in the resonance spectra of many common molecules (2, 4, 5, 6, 7). In 
general vinyl compounds belong to the type ABC when observed at a measuring frequency 
of 40 Mc/sec, and usually also at 60 Mc/sec, although a rough analysis is often possible 
on the basis of an ABX type (8). 

Lately it has become a matter of theoretical interest to determine, if not the absolute 
sign, at least the relative signs of the three coupling constants involved (9, 10, 12). Theory 
indicates that if the coupling constant is small between protons it may be negative, 
whereas if it is large it is probably positive (12). The coupling constant between the 
geminal protons in vinyl compounds is small, about 0 to 2 cycles/sec. The trans coupling 
constant is over 10 cycles/sec and often over 15 cycles/sec as compared with about 
5 to 10 cycles/sec for the cis coupling constant (8). An exact analysis of the proton 
spectrum involves a numerical solution of the case ABC. This has been done for a 
number of vinyl compounds by means of a computer (11, 12). In particular, the proton 
spectrum of vinyl bromide requires the cis and trans coupling constants to be of the 
same sign but of opposite sign to the geminal coupling constant, the latter being small 
and presumably negative. 

It is the purpose of the present work to present an experimental method for the 
determination of the relative signs of the cis and trans coupling constants in vinyl 


1 Manuscript received June 21, 1960. 
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bromide and to illustrate the appearance and growth of the combination lines as the 
relative electronic screening of the protons is changed. 


EXPERIMENTAL 


Measurements of the proton resonance spectra of vinyl bromide in the pure state and 
at various concentrations in solvents were made at 60 Mc/sec on a Varian n.m.r. spectro- 
meter. The vinyl bromide was distilled before use and the solvents used were acetone, 
hexane, and benzene. The concentrations in acetone and hexane were 5 mole% but the 
solutions in benzene were made up approximately by volume. Since vinyl bromide boils 
below room temperature the pure substance was contained in a sealed tube. The solutions 
could be measured in an open tube. 
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RESULTS AND DISCUSSION 
i (a) Pure Vinyl Bromide 
‘ The observed spectrum of pure vinyl bromide is shown in Fig. 1 together with the 
t : proton assignment and the spectrum calculated as an ABC case. The resultant chemical 
. 4 shifts and spin-coupling constants are compared with those derived by Sheppard (11) 
: and by Karplus, Grant, and Gutowsky (12) in Table I. Chemical shifts have been 
S j converted to 60 Mc/sec. It should be noted that Sheppard’s parameters apply to a 
t { 10% solution in carbon tetrachloride. 
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_ FiG. 1. Observed and calculated proton spectra of vinyl bromide at 60 Mc/sec. Increasing applied field 
yl § is from left to right. 


The opposite signs between Jgc¢ and J4¢ is not obvious from the spectrum at 60 Mc/sec 
mm j because of the overlap of the two lines at about 45 cycles/sec in the observed spectrum. 
: The relative positions of the lines can be fitted with all coupling constants of the same 
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TABLE I 


Chemical shifts and spin-coupling constants (in cycles/sec) of pure 
vinyl bromide 











Sheppard, * Karplus et al., This paper, 

cycles/sec cycles/sec cycles/sec 
vo—vpt 7. 3 8.1 8.1 
veo—vat 36.2 36.2 38.0 
AB re 6.9 7.0 
Jac 15.0 14.3 14.8 
Jec -1.7 —-1.8 —1.8 





*10% in CCh. 
TAt 60 Mc/sec; notation of Fig. 1. 


sign and with slight changes in the values of the parameters. However, at 40 Mc/sec 
there is no overlap and from the intensity distribution of the lines the other workers 
deduced the correct sign relationship. It is actually the pair of B lines at high field which 
decides the matter. In many of the spectra in Fig. 3 it is clear that in this pair the line 
at low field is much weaker than its neighbor. Jg¢ must be of opposite sign to J4¢ and 
Jaz if this situation is to be met, together with the right intensities for the other lines 
arising from transitions of protons B and C. 


(b) Relative Signs of Jaz and Jac 

Considerable labor is involved in the determination of the relative signs of the 
coupling constants even if a computer is available. It would be of value if there were a 
way of deciding, before the numerical work is begun, which of the coupling constants 
have the same sign. An examination of the spectra in Fig. 3 below suggests such a 
possibility. Note, first, that the most widely separated lines in the A region maintain 
a constant separation even though vg—vg changes from positive to negative values. Then 
consider the line separations for the corresponding region for the case X BC given below 
in Part (c) (see also p. 134 of reference 7). One pair of lines (1 and 4 below) is separated 
by |Jas+Jac| and since coupling constants are independent of chemical shift* this 
pair of lines should maintain a constant separation as vg—vg is varied. If the line 
positions (as compared with the line intensities) of the vinyl bromide spectrum approxi- 
mate sufficiently closely to an XBC spectrum, it follows that the pair of lines maintaining 
a constant separation in the A region of the observed spectra (X region in the case 
XBC) must be spaced by |J4s+Jac|. Evidently this is the case. In the seven spectra 
in Figs. 2 and 3 the two outside lines in the A region have a separation of between 
21.7 and 22.2 cycles/sec (the variation can be attributed to experimental error and to 
the fact that we are really dealing with the case ABC). The other lines in the A region 
vary greatly in position as v¢—vg changes. 

Hence |Jas+Jac| = 22 cycles/sec and if J4g and J4¢ are both less than 22 cycles/sec 
in magnitude, as seems clear, they must have the same sign. This fact reduces the four 
possible sign permutations in the three-spin system to two. If, in addition, the change 
in intensity distribution of the lines in the 40 cycles/sec region with change in rg—vg 





*It is, of course, well known that the chemical shift is directly proportional to the applied magnetic field while 
the coupling constants are independent of the latter. However, when the relative electronic shielding of protons in 
a solute molecule is changed rather drastically by perturbations from solvent molecules, at is not inconceivable 
that the coupling constants will change somewhat because of a “‘selective perturbation” of the various bonds in 
the solute molecule. Experiments along these lines are being made. 
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Fic. 2. Proton resonance spectrum of 5 mole% solution of vinyl bromide in (a) acetone and (6) n-hexane. 


is taken into account, an a priori sign permutation can be arrived at by inspection of 
solvent effects on the spectrum. 


(c) Combination Lines 
The manner in which the relative chemical shifts of the protons in vinyl bromide 
are altered in different solvents is illustrated by the results shown in Table II. The 


TABLE II 


Proton chemical shifts of vinyl bromide in various solvents: 
concentration, 5 mole% (in cycles/sec at 60 Mc/sec, relative 
to external CHCl;, and corrected for differences in bulk sus- 
ceptibility) 
Hay ye 
Br” \He 








Chemical shift (cycles/sec) 








Solvent Proton A Proton B_ Proton C vo—vB 
Benzene 114 149 145 —4 
n-Hexane 62.5 96 100 +4 
Acetone 48 82 91 +9 





nature of these solvent effects has been discussed elsewhere (1, 14, 15). Figure 2 shows 
the proton resonance spectra of vinyl bromide in acetone and hexane solutions and 
Fig. 3 shows the corresponding spectra for different concentrations of vinyl bromide in 
benzene. The relative chemical shifts of protons Hz and H¢ are roughly indicated. As 
¥e—vgz becomes small enough, two extra lines appear in the A region (Fig. 3(a)). As 
ve—vg is further decreased and made negative they approach one another in position, 
coalesce, and then separate again (Figs. 3(b)-3(e)). For purposes of discussion it is 
appropriate to consider this region of the spectrum as the X region of an XBC spectrum. 
The exact (ABC) calculation in Fig. 1 agrees well with the approximate X BC calculation 
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Fic. 3. Proton resonance spectrum of vinyl bromide at various concentrations in benzene. Approximate 
ratios (by volume) of vinyl bromide to benzene in the solutions are as follows: (a) 1:1, (b) ~2:3, (c) ~1:2, 
(d) ~1:3, (e) ~1:20. 


in the prediction of the line positions in this region of the spectrum. The comparison 
in Fig. 5 between one of the observed spectra and the spectrum calculated using the 
parameters indicated is intended to show that the position of the predicted combination 
lines again agrees well with the XBC prediction. There is some disagreement in other 
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line positions but this only means that the chemical shifts employed in the calculated 
spectrum are not quite correct: the shift between protons B and C is no doubt not 
quite zero. 

In the present notation the six transitions in the X (or A) region are then written 
relative to the origin of the lines as: 











Energy Relative intensity 
1. —}(Jast+Jac) 1 
2. D,—D_ cos*(o, —¢_) 
& —D,+0. cos*(¢4—¢-_) 
4. 3(Jast+Jac) / 1 
5. —-D,-—D_ sin?(¢,—¢@_) 
6 Ds+D_ sin?(¢, —¢_) 





The positive quantities D,, D_ and angles $,, ¢_ are defined by 


D., cos 264 = 3(ve—vz) +3(Jas—Jac), 
Ds sin 26+ = Jc, 
D_ cos 26 = 3(ve—vs) —}(Jas—Jac), 
D_ sin 2¢@~ = 4J ac. 


In these expressions ye—vg has the same meaning as in the discussion above, namely, 
the relative chemical shift between protons C and B in cycles per second. 

On this energy level scheme lines 1 and 4 are independent of »g—vg and they are 
the lines at 0 and about 22 cycles/sec in the observed spectra. The predicted intensities 
are clearly wrong but they are much more sensitive to the correct wave functions than 
are the line positions and the main points of the discussion will still be valid. 

Figure 4 gives a plot of the energy levels when vg—vz is varied from 10 to 0 cycles/sec 
with Jas = 7.0, Jac = 14.8, Jpc = —1.8 cycles/sec. The plot as ve—vg varies from 
0 to —10 cycles/sec is the mirror image of Fig. 4. The combination lines 5 and 6 reach 
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Fic. 4. The X part of an XBC spectrum calculated with the spin-coupling constants given and various 
values of the relative chemical shift v¢—vp. 
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a measurable intensity for the given values of the coupling constants when v¢—vz is in 
the region of 5 cycles/sec. They derive this intensity at the expense of lines 2 and 3 (at 
about 7 and 15 cycles/sec in Fig. 1). When »vg—vg becomes less than 5 cycles/sec, lines 
5 and 6 become effectively A lines. When vg—vg = 0, lines 2 and 3 coalesce, as is clear 
from the definitions of D, and D_, and are in effect combination lines. When ve—vzg 
becomes less than zero, lines 2 and 3 separate and recede and eventually become A 
lines again, while 5 and 6 once more take on the role of combination lines. The sign 
of Jgc does not affect the predicted intensities.* 

In the observed spectra this course of events is not followed exactly but is clearly 
similar. The combination lines arise at about the same value of v¢—vg (Fig. 3(a)) and 
coalesce when vge—vg = O (Fig. 3(c) and Fig. 5). The intensity distribution is, however, 











Vy = 13.0 c/s 
Vg = 45.0 
V_ = 45.0 


Jagz 7.0 
Tac=!4.8 
Jec=-!.8 


-----> 





























Fic. 5. The observed and calculated spectrum of vinyl bromide diluted in benzene. The spectrum was 
calculated as an XBC type with vc—vg = 0 


not in agreement with the XBC calculation. When vg—vg becomes less than zero the 
effective combination lines are receding in the direction from which they appeared and 
have decreased in intensity.t| The solvent effects are not large enough to eliminate 
them entirely. 


*It should perhaps be noted that it is only when 3|Jac| = t|Jas—Jac| that the combination lines have a large 
predicted intensity. This is immediately clear from the definitions and expressions for the intensities above. If, 
on the other hand, |Jgc| > |Jas—Jacl| the predicted spectrum would in effect be one of three equally spaced lines 
when ve—vp = O. These lines would have the intensity ratio 1:2:1 and this could lead to a wrong determination 
of coupling constants, Such an effect has been discussed and illustrated with actual spectra for p-fluorotoluene (13). 

tIn Fig. 3(e) the couplings between C™ and H' nuclei in the benzene solvent produce a ‘‘hump”’ in the 16-20 
cycles /sec region of the spectrum and obscure the true intensity relations of the lines. This effect could be eliminated 
by using the expensive CeD¢ as a solvent. 
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SOME FACTORS AFFECTING THE ZONE MOBILITY OF INORGANIC 
IONS DURING ELECTROMIGRATION IN PAPER! 


R. A. BAILEy?*? AND L. YAFFE 


ABSTRACT 


A number of factors which affect the zone mobilities of inorganic ions were investigated. 
The influence of temperature was that expected from its effect on the conductance in free 
solution. The zone mobility tends to decrease, and the zone size to increase, with increasing 
migrant concentration. Excess foreign ions in the initial migrant zone can have a similar 
result. Experiments in the presence of the swelling agent thiourea indicate that swelling 
has at least a constant and perhaps a negligible influence on the obstructive factor. Finally, 
variation of the zone mobility with paper type was considered in relation to the ion-exchange 
capacity. Of the ions studied, only copper showed any correlation. Some observations were 
made using ion-exchange papers. 


INTRODUCTION 


The study of the electromigration of ions in moist paper has received considerable 
attention from the point of view of a separatory technique, but comparatively little has 
been done to try to understand the interactions between the ions and the porous sup- 
porting medium in this process. It is well known that many physical variables affect 
the zone mobility. However, very little work, aimed at investigating these variables 
thoroughly, has appeared. This paper will attempt to show quantitatively the effects of 
some of these variables with regard to inorganic ions. 

The following are the factors which can have a direct influence on the zone mobility 
of an ion in paper. 


1. Temperature 

Since the conductance in free solution (and hence the mobility) of an ion increases 
with increasing temperature, a similar effect should be expected for the mobility in 
paper. This has been found by a few workers (1, 2, 3). Although the mobility values 
actually obtained may be questionable, the temperature coefficient seems to be similar 
in free solution and in paper, or about 2% per degree centigrade. 


2. Absorbance 
As the absorbance (the volume of liquid present per gram of paper) increases, so 
does the zone mobility. This factor was considered in a previous paper (4). 


3. The Nature of the Supporting Medium 

The zone mobility varies with the supporting medium, even when two papers are 
compared at corresponding values of absorbance. Although some effects might result 
from different fiber structure,. this should be small, at least as long as only cellulose 
papers are considered. Most of the influence is more probably due to specific interactions 
of the ions with paper itself. This in turn could be different for various papers because 
of differences in the manufacturing process. In particular, the number of carboxyl groups 
which are present, and which can take part in ion-exchange reactions with the migrant 
ions, may differ from paper to paper. The fact that acid-washed paper yields larger 

1Manuscript received June 3, 1960. 
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values of zone mobility than the same paper without acid washing (3, 5) has been inter- 
preted as implying that exchange processes are important. Exchange presumably takes 
place more readily between the migrant cation and the metal cation impurity than 
between the migrant ion and the hydrogen ion which would be on the carboxyl group 
in the absence of impurities. Examples of the effect of ion-exchange capacity will be 
shown later. 


4. The Concentration and Composition of the Migrant Solution 

The concentration of the migrant solution itself can have an effect on the resulting 
migration, but most studies on this have taken place in complex-forming media. Miller 
(6), Sato (7), and Strain (8) claimed that if the migrant ion is not adsorbed, the zone 
mobility is independent of the concentration unless this is greater than that of the 
background electrolyte solution. When it is greater, the size of the spot increases markedly, 
and the zone mobility decreases. In cases where small amounts of the migrant are strongly 
adsorbed by the paper, an increase in migrant concentration may result in an increased 
over-all mobility because of the more rapid motion of the non-adsorbed part. Such 
cases usually exhibit trailing. The increase in size of the zone when the migrant concen- 
tration exceeds that of the background electrolyte has been noted many times, and has 
been predicted theoretically by Edward (9). 

The actual composition of the migrant solution apart from its concentration may be 
important also, since interactions between the components may give rise to their anoma- 
lous behavior. This may be an effect of ionic strength, or a specific chemical interaction, 
but the latter need not concern us here. 


5. The Background Electrolyte Solution 

The ionic strength and viscosity of the background electrolyte solution can affect the 
mobility of an ion moving in it. This will occur in free solution as well as in paper, as 
was brought out in a previous communication (4) where the calculation of zone mobilities 
was discussed. A more important effect of the background solution lies in its ability to 
form complexes with the migrant ions. If complexing occurs, the mobility observed will 
depend on the stability of the complex formed, as well as on the mobility of the com- 
plexed and non-complexed species present. It can be calculated in principle. 

Berbalk and Schier (10) showed that the zone mobility of a weakly dissociated sub- 
stance such as a weak acid depends on its degree of dissociation b. The zone mobility 
is given by 


(1) U, = bpUy 


where p is a factor for the slowing of the ions by the paper, and Uy is the actual speed 
of the ion formed by dissociation. For a weak acid, for example, this could be determined 
from the limiting conductance of the anion. Equation [1] is equivalent to the statement 
that the zone mobility is given by the speed of the mobile form and the fraction of time 
which the migrant spends in that form. 

We can extend this to complex-forming systems where a number of mobile species 
are present in a rapid dynamic equilibrium. In the simplest case, suppose the forms 
present are M, and Ms, and the fraction of the migrant present as M, is b;, and as M2 
is b) = 1—b,. If the mobilities in free solution are Uy, and U,,, respectively, then 


[2] U, = plbi Ur, +b2Ur,] 


pldi( Ur, = Up,) + Uy, ] 


I 
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if we neglect specific adsorption effects. If m species are present, 


(3] U.=p | > bv, | 


i=1 
This takes into account adsorbed and non-ionized forms, since for these Up; = 0. 

In practice, values of 6 and the free solution mobility of complex species usually are 
not known, so that this equation cannot be used to estimate the zone mobility. However, 
if more were known about p, this treatment might provide a means of obtaining informa- 
tion about the stabilities of complexes. 

Extraneous factors such as evaporation and flow of background electrolyte solution 
in the strip can affect the zone mobility very much. Unless such factors are eliminated 
or corrected for, the zone mobilities obtained have no meaning. The chief factors of 
this sort which may be encountered are electroosmotic flow of electrolyte solution, flow 
of electrolyte from the ends toward the center of the strip (due to either evaporation 
from the strip or initial unsaturation of it), changes in concentration of electrolyte in 
the strip due to evaporation and non-uniform absorbance. These are problems of experi- 
mental technique. 

From a very simple model (11) it can be shown that the zone mobility U, may be 
given by the expression 
[4] U,= pUy 
where Uy is the mobility in free solution, and p is the obstructive factor which accounts 
for the tortuous path followed by a particle migrating through a medium such as wet 
paper. If adsorption effects are neglected, a semiempirical expression can be deduced 


for the obstructive factor (4, 12). For fibers which do not swell in the presence of the 
solution, this is 


[5] p= ds) = ae 


where a is the absorbance, v, is the specific volume of the fibers, and « is the void fraction 
or porosity. Here, a is a constant equal to 0.96. For fibers which do swell, 


—2v,X 
(6] ius o(8=%-%) 


where X is the fractional increase in volume on swelling. The latter expression would 
be expected to apply to cellulose papers in aqueous solution, but X is not known. 
We may define an apparent obstructive factor 
- U, 
[7] Papp = Us 








The term ppp includes all factors which tend to slow an ion moving through a porous 

medium—adsorption as well as mechanical obstruction. This gives a means of com- 

paring the hindrance encountered by different ions moving under various conditions. 
If r represents an adsorption or hindrance factor, 


[8] Papp = 7P 


where p is the mechanical obstructive factor calculated from equation [5] or [6]. For a 
given paper, 7 mav vary with the migrant and the background electrolyte. In effect, r 
represents the fraction of time during which the ion is free to move. 











BAILEY AND YAFFE: ZONE MOBILITY OF INORGANIC IONS 2077 


Attempts have been made to account for adsorption effects by means of the chroma- 
tographic R, factor, which is defined as 


distance moved by zone of substance 





‘e— : 
distance moved by advancing solvent front 


This was used by Yasunaga and Shimomura (13) and Pucar and Jakovac (14). Since the 
conditions in paper chromatography and electromigration are not the same, and since 
the R, factor is notoriously variable with minor changes in experimental technique, this 
is not satisfactory. An approach by Maki (15) based on partition chromatography is 
of interest, but it has not been sufficiently tested. Thus, although there are available a 
few values of p,pp obtained under conditions such that all of the variables concerned 
were fixed (4), there is as yet no independent means of obtaining a value for r even if p 
can be calculated. 


EXPERIMENTAL 


A closed strip technique was used in which the paper was placed between metal plates 
and kept at a constant temperature. The paper was moistened to the desired absorbance 
by means of a pipette. Electrodes were placed in direct contact with the paper, and the 
electrolytic products were prevented from entering the central part of the strip by 
having suitable buffer solutions at the ends. Normally, no motion of background electro- 
lyte could be detected. . 

Radioactive migrants were detected by measuring l1-cm broad segments of the strip 
with a Géiger counter, while inactive migrants were located by suitable chemical means. 
The migrant concentrations were very low, and small volumes were used. With inactive 
materials, 10 microliters of 0.001 M solution were used. The concentrations of the 
radioactive solutions were much lower. | 

Complete details of the technique and apparatus are given in a previous publica- 
tion (4). 


RESULTS AND DISCUSSION 


The variation of zone mobility with temperature in several systems is illustrated in 
Fig. 1. The effect is that expected from the variation of the conductance. The temperature 
coefficient over the range 25° C to 39° C is about 2% per degree ‘centigrade in all cases 
except that of Cu(II) moving in an oxalic acid background electrolyte solution. Here, 
the copper is present as a negatively charged complex. The increase in zone mobility 
(expressed as a negative number since the motion is anionic) is only 1.6% per degree 
centigrade, appreciably less than in the other examples. This would be the expected 
behavior if the complex were less stable at higher temperatures. There seems to be no 
change in the interaction of the ions with the paper over this temperature range. In 
those cases for which Uy, could be found, the value of p,), did not change with tem- 
perature. This is shown in Table I. 

The effect of migrant concentration was studied for Nat in 2.36 M acetic acid. The 
results are shown in Figs. 2 and 3. The first of these shows that the zone mobility de- 
creases with increasing migrant concentration. This decrease is linear with the square 
root of the concentration, at least as long as this is greater than the ionic strength of 
the background electrolyte. In Fig. 3, the size of the zone relative to that given by 
‘carrier-free’ Nat also yields a plot which is linear with the square root of the Na+ con- 
centration in this region. 
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Fic. 1. Zone mobility vs. temperature for several ions in various background electrolytes; absorbance 


0.96 ml/g, Whatman No. 52 paper. 


TABLE I 


Effect of temperature on zone mobility and apparent obstructive 
factor for Cs* 











Background Temperature, Ce, 
electrolyte %~ cm? v~ sec™! X 105 Papp 
1.18 M acetic acid 25 28.8 0.43 
30 30.5 0.42 
35 33.7 0.42 
39 38.0 0.42 
1.22 M NH,OH 25 26.1 0.35 
30 28.2 0.35 
35 30.5 0.35 
39 34.3 0.36 





Further results on the variation of zone size with migrant concentration are shown 
in Table II. In both sodium and potassium acetate background solutions, the zone size 
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Fic. 2. Zone mobility vs. the square root of the migrant concentration for Na* in 2.36 M acetic acid; 
absorbance 0.96 ml/g, Whatman No. 52 paper, 25.0+0.5° C. 


Fic. 3. Relative zone length vs. the square root of the migrant concentration for Na* in 2.36 M acetic 
acid;*absorbance 0.96 ml/g, Whatman No. 52 paper, 25.0+0.5° C. 


TABLE II 


Variation of size of zone with initial concentration of 
migrant solution 








Zone length (cm) with initial Nat 
concentration of: 
Background electrolyte 








solution 0 M* 0.005 M 0.025 M 
0.005 M sodium acetate 4.0 4.0 5.8 
0.01 M sodium acetate 2.5 2.5 4.5 
0.005 M potassium acetate 3.5 4.5 8.5 
0.01 M potassium acetate 2.5 4.0 7.0 





Note: Migrant is Na* in entasion as sodium acetate. Absorbance 0.96 ml/g, 
Whatman No. 52 paper, 25.0+0.5° C. 


*Carrier-free’ solution. 


becomes quite large when the concentration of the migrant Nat is greater than that 
of the background. 


In Table III, the variation of zone mobility and size when the migration of ‘carrier- 
free’ Nat was carried out in the presence of increasing amounts of HCl in the initial 
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TABLE III 


Effect of excess foreign ions present in the initial migrant solution 
on the zone mobility and zone size of Nat 











Initial concentration of HCI in U, of Nat, Relative 
migrant solution, moles/liter |= cm* v~! sec™!X 105 zone length* 
0 20.7 1 
0.001 20.7 ie 
0.012 19.9 1.3 
0.12 16.7+ 2.0 





Note: Background electrolyte 1.18 M acetic acid, absorbance 0.96 ml/g, Whatman 
No. 52 paper, 25.0+0.5° C. 
*Relative to zone length given by ‘carrier-free’ Na* with no HCl present. 
tZone elongated with trailing. 


zone is shown. The behavior can be due only to ionic strength effects here, since the 
moving zone of sodium is freed rapidly from excess H+ and Cl~ ions. When the HCl 
concentration is increased to 0.12 M, the zone mobility decreases appreciably, while the 
zone itself becomes longer. Most of this effect is due to a low concentration tail from the 
main peak, which does not seem to be influenced very much. 

Thiourea is a substance which, in aqueous solution, enhances the swelling of cellulose 
fibers. Determination of values of papp in the presence of thiourea accordingly might 
give some information about the effect of swelling on a migrating ion. Values of papp 
for Cs+ and Nat in 1.18 M acetic acid are compared with those in 1.18 M acetic acid 
in 1 M thiourea in Table IV. As is evident, there is no increase in hindrance when 


TABLE IV 


Variation of the apparent obstructive factor in the presence of the 
swelling agent thiourea 








1.18 M acetic acid in 








1.18 M acetic acid 1 M thiourea 
Paper Me. U;, 
Ion (Whatman) cm? vy! sec! X 108 pine cm? v—! sec! X 108 Rive 
Nat 52 20.7 0.48 21.4 0.51 
31 double 
thickness 17.3 0.40 18.8 0.45 
3 MM 19.8 0.46 21.4 0.51 
Cst 52 28.8 0.43 29.1 0.45 
31 double 
thickness 24.6 0.35 27.2 0.42 
3 MM 27.5 0.41 30.7 0.47 





Note: Absorbance 0.96 ml/g, 25.0+0.5° C, 


thiourea is present for any of the three papers used. There may even be a slight decrease 
in those which are not hardened. This may be interpreted as indicating that the swelling 
is accompanied by an increase in the fractional volume of the fibers now permeable to 
the ions (16, 17), or to reduced adsorption which counteracts the effects of swelling. 
However, these results are in agreement with those of Vacik et al. (18, 19) which indicate 
that there is no decrease in void fraction, and hence in p, with wet (swollen) paper. 
The above authors have studied a number of chromatography papers, and for Whatman 
No. 52, that used for most of our experiments, they found that ¢, the porosity or void 
fraction, of the wet paper was 0.74. The value of ¢ calculated from equation [5] is 0.77 
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at the appropriate absorbance (2.05 ml/g). Although no value of X is known, any 
calculation using equation [6] would give a lower value for p. A value of X of 0.2, for in- 
stance, a reasonable estimate from previous work, would yield a result of 0.68. Values 
of X determined empirically (4) include adsorption effects as well as swelling. Moreover, 
the results of these workers indicate that the void fraction of wet paper is greater than 
that of dry paper, implying that, whatever swelling may occur, it does not decrease the 
void fraction on a molecular scale, and hence does not contribute to enhanced mechanical 
hindrance. This is in agreement with the values obtained for ppp in the presence of 
thiourea. These data indicate that the mechanical obstructive factor may be calculated 
reasonably well from equation [5], even for cellulose papers, and the specific effects of 
adsorption may be taken care of in the hindrance factor r. It remains possible that the 
fraction of the fibers, permeable to the migrant ions (16, 17), may show some specific 
nature. 

For a given ion and background electrolyte, the zone mobility, and hence also papp, 
may vary with the type of paper used, even if measurements are carried out at the 
same value of absorbance. Data on this are given in Table V. Of the properties of the 


TABLE V 
Variation of zone mobility with paper type for several ions 














U,, 
Whatman Exchange cm? v~! sec"! X 105 Papp 
chromatography capacity, 
paper No. meq/g Cut Znt* Cat Na* Ce. 2a* ae Nat 
‘4 0.0027 8.4 12.2 11.1 16.5 0.20 0.31 0.30 0.43 
52 0.0028 9.0 12.6 11.6 18.1 0.21 0.32 0.32 0.48 
42 0.0029 8.2 13.5 11.8 — , 0.19 0.34 0.32 — 
+ 0.0049 9.2 13.5° 12.0 — 0.22 0.34 0.33 — 
1 0.0056 7.5 10.1 8.5 — 0.18 0.26 0.23 — 
20 0.0089 4. 12. 11.1 16.9 0.12 0.32 0.30 0.44 





Note: Background electrolyte 2.36 M acetic acid, absorbance 0.96 ml/g, 25.0+0.5° C. 


paper which may influence the mobility of an ion, adsorption by ion-exchange processes 
seems to be one of the most probable (15, 20). The values of the exchange capacity 
included in the table were determined by the method of Ultee (21); this is claimed to 
give a measure of the carboxyl content, and hence the ion-exchange capacity, of the 
paper. As is evident, the effects on.p,), are very specific. There is no correlation between 
Papp and the exchange capacity except in the case of Cu(II). With this ion, pap» decreases 
roughly linearly as the exchange capacity increases (Fig. 4). Copper is more hindered 
than the other ions considered (pap) is smaller), indicating that more interaction is 
taking place. It appears that copper undergoes a different type of reaction with the 
paper and, although this seems to take place with the ion exchange sites, it may not 
be an ion-exchange process. 

Jakovac and Lederer (22) have proposed from electromigration studies that copper, 
like a few other ions, forms complexes with cellulose. However, evidence indicates that 
these form with the hydroxyl groups on adjacent carbon atoms, rather than with carboxyl 
groups which are the chief ion-exchange sites. 

Copper is also more hindered than zinc in Reeve Angel 934AH glass fiber filter paper. 
The zone mobilities and apparent obstructive factors of these ions in acetic acid are 
given in Table VI; the calculated obstructive factor is 0.86. This is considerably larger 
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Fic. 4. Apparent obstructive factor vs. exchange capacity of the paper for Cu**; background electro- 
lyte 2.36 M acetic acid, absorbance 0.96 ml/g, 25.0+0.5° C. 


TABLE VI 
Zone mobilities of Cu++ and Zn*++ in Reeve Angel 934AH glass 
fiber paper in acetic acid background electrolyte 








Concentration of 





acetic acid, U,, 
Ion moles/liter | cm* v~sec™!X105 Papp 
Znt+ 0.01 ca. 34 ca. 0.6 
0.12 34.0 0.66 
0.59 31.2 0.64 
2.36 25.9 0.66 
5.89 19.0 0.66 
Cu** 0.01 ca. 22 ca. 0.4 
0.12 23.0 0.42 
0.59 21.4 0.40 
2.36 ye 0.43 
5.89 11.8 0.38 





Note: Absorbance 3.96 ml/g, 25+0.5° C. 


than any value of ppp for these ions, and indicates a good deal of adsorption. However, 
in cellulose acetate paper,* zinc and copper have similar mobilities. Although accurate 
measurements could not be made because of electroosmosis and difficulties in establishing 
a known, uniform absorbance, papp was fairly close to the calculated value of p for copper, 
zinc, and sodium in acetic acid background electrolyte. 


“Oxoid electrophoresis strips’ manufactured by Courtaulds Limited for Oxo Limited. 
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Further experiments were carried out in paper loaded with Amberlite ion-exchange 
resins, and with cellulose ion-exchange papers. In Reeve Angel SA-2 papers which have 
strong cation exchange properties, cobalt, zinc, copper, and cesium all had very low 
mobilities in acetic acid. The mobilities in Reeve Angel WA-2 paper, a weakly acid 
exchanger, were higher under similar conditions, implying weaker adsorption. This is 
reasonable, since the carboxyl groups of this material are not strongly ionized in an 
acid solution. The bivalent ions showed similar behavior in Whatman P20 cellulose 
phosphate paper, and in Whatman CM50 carboxymethyl] cellulose paper (strong and 
weak cation exchangers, respectively), but the univalent ions were comparatively faster. 
In the former, the zone mobility of Na+ was about 10X10-*> cm? v— sec! in 2.36 M@ 
acetic acid at an absorbance of 0.98 ml/g. All mobilities in these materials were much 
lower than in ordinary papers, but this cannot be attributed completely to ion-exchange 
adsorption. In Whatman DE 20 diethylaminoethyl cellulose paper, an anion exchanger, 
the zone mobility of Na+ was only 8.3 X10-, and that of Zn+*+ and Cut+ about 3.7 X 10-5 
and 110-5 cm? v— sec“, respectively, under similar conditions. These figures are not 
too significant because of factors such as electroosmosis, but they do show that even in 
this material copper is more hindered than zinc. 

In anion-exchange resin loaded paper (Reeve Angel SB-2) the zone mobilities of 
cations are still much lower than in ordinary paper, although they are larger than in 
the cation-exchange papers. Jakubovic et al. (23) have reported some ionic mobilities 
in ion-exchange resins which indicate that bivalent ions in particular are hindered a 
great deal. 

Most of the above work in ion-exchange papers, and in cellulose acetate, is only quali- 
tative. Flow of background electrolyte is often different in these materials from that 
in ordinary paper; in some cases this was clearly evident from the visible distribution of 
liquid in the strip after electromigration. This was especially marked with cellulose 
acetate. Although in this instance the flow was measured with H2Os, uncertainties in 
corrections obtained from such measurements, and the non-uniform absorbance which 
was set up, make the figures obtained for U, have little quantitative value. They do 
indicate, however, that this material offers less hindrance by non-mechanical effects 
(adsorption) than do the other materials studied. The zones, nny of sodium, 
were very sharp. 

Ion-exchange papers may prove useful for separations, although the higher obstruction 
which they in general seem to possess is a disadvantage. A few preliminary experiments 
with cobalt and zinc in Reeve Angel SA-2, WA-2, and SB-2 papers showed that separations 
were possible in suitable complexing agents, but ordinary papers gave as good or better 
results. 
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LA REACTION DE REFORMATSKY APPLIQUEE A L’OXO-2 CYCLOHEXANE- 
PROPIONITRILE ET A DES CETO-NITRILES ANALOGUES! 


F. BRUDERLEIN,? HELENE BRUDERLEIN,® H. Favre, R. LAPIERRE® ET Y. LEFEBVRE* 


RESUME 


L’action du bromo-acétate d’éthyle et du zinc sur l’oxo-2 cyclohexane-propionitrile, le 
diméthy]-4,4 oxo-2 cyclohexane-propionitrile et l’oxo-2 cyclohexane-acétonitrile est discutée; 
en plus de l’hydroxy-ester-nitrile attendu, on obtient divers composés: lactones-esters et 
acides carboxyliques. Les acides méthyléne-2 cyclohexane-propionique, diméthyl-4,4 méthyl- 
éne-2 cyclohexane-propionique et méthyléne-2 cyclohexane-acétique sont décrits. 


Pour des fins de synthése dans le domaine des terpénes nous avons examiné les produits 
résultant de l’action du bromo-acétate d’éthyle et du zinc sur quelques céto-nitriles: 
oxo-2 cyclohexane-propionitrile (I) (1), diméthyl-4,4 oxo-2 cyclohexane-propionitrile (II) 
et oxo-2 cyclohexane-acétonitrile (111) (2). Baumgarten et Ejifert (3) ont rapporté que 
la réaction de Reformatsky appliquée a l’acétyl-4 valéronitrile conduisait au composé 
normalement attendu, l’ester éthylique de l’acide cyano-6 hydroxy-3 diméthyl-3,4 
hexanoique, avec un rendement de 35%. 

Nous attribuons la constitution II au produit de monocyanoéthylation de la diméthyl- 
3,3 cyclohexanone selon la méthode de Stork (1), parce que I’hydrolyse de ce céto-nitrile 
conduit a l’acide cétonique IV, p.f. 61-62°, que l’on obtient également par hydrolyse 
du composé V, issu de la cyanoéthylation de l’ester éthylique de l’acide diméthyl-4,4 
oxo-2 cyclohexane-carboxylique.® La constitution du composé V est établie par le fait 
que ce céto-ester ne donne plus de réaction colorée avec le chlorure ferrique alcoolique: il 
n'est donc plus énolisable (voir (6)). 


R’ : ; 
AW AA, 
ine” © Bie 
w/o \Ao 
I R =R’=H R” = CN Ill 
II R = CH; R’ =H R” = CN 
IV R = CH; R’ =H R” = COOH 
V R = CH; R’ = COOEt R” =CN 


La réaction de Reformatsky, 4 partir des cétones cyanoéthylées I et II, conduit a 
trois types de composés facilement séparables les uns des autres: 1) les hydroxy-ester- 
nitriles VI et VII; malgré plusieurs tours de distillation ils n’ont pu étre obtenus tout 
4 fait purs, mais leurs spectres infrarouges montrent bien leurs bandes nitrile, hydroxyle 
et ester; 2) les lactone-esters IX et X, caractérisées par une bande unique dans la 
région carbonyle du spectre infrarouge (1730 cm™, ester et 6-lactone); 3) des acides 
carboxyliques: 

1Manuscrit regu le 6 juillet 1960. ; 

Contribution du Département de Chimie de l’ Université de Montréal, Montréal, Qué. Ce mémoire a été 
présenté en partie au Congres de l'Institut de Chimie du Canada, Vancouver, 3-5 juin 1957; il est tiré en partie 
de la thése de doctorat de Y.L. et du mémoitre de maitrise de F.B. 

2Boursier du Conseil National de Recherches du Canada, 1957-1960. 

3Madame Bruderlein et R. Lapierre ont regu une bourse de l’Office de la Recherche Scientifique de la Province 
de Québec, 1956-1959. 

4Boursier du Conseil National de Recherches du Canada 1953-1957. Adresse actuelle: Ayerst, McKenna & 


Harrison Ltd., Montréal, Qué. f 
5Pour la synthése de ce céto-ester, voir (4, 5). 
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(a) dans la série diméthylée l’acide est solide, de formule C13H2.0s, p.f. 144.5-145.5°; 
nous lui attribuons la constitution XIII bien supportée par un spectre infrarouge; il se 
décompose par chauffage en acide diméthyl-4,4 méthyléne-2 cyclohexane-propionique 
(XV), dont la constitution est discutée plus loin. 

(6) dans la série non méthylée les acides par chauffage se décomposent soit en acide 
méthyléne-2 cyclohexane-propionique. (XIV) dont la constitution est prouvée plus loin, 
soit en (éthoxycarbonyl-méthyl)-8a¢ oxo-2 perhydro-chromanne (IX), identique a celui 
obtenu plus haut en 2); comme ces acides sont des huiles qui résistent 4 toute tentative 
de cristallisation leur nature exacte n’a pu étre déterminée. La fraction acide qui se 
décarboxyle en acide 4 double liaison semicyclique pourrait renfermer soit le diacide 
hydroxylé XI par analogie avec la série diméthylée, soit un diacide déshydraté (du 
type XVII avec double liaison sur le cycle), soit encore l’acide VIII; tous ces composés 
sont susceptibles d’engendrer par chauffage une double liaison semicyclique (7, 8, 9, 
10, 11). L’acide qui engendre la lactone IX serait l’ester XII. Ces fractions acides sont 
certainement des mélanges des isoméres cis et trans. 


AAW PA Wa 
R.| | 'cn R| | | R Lo ‘COOH 
Oe Nae a \/ \o/=0 ee 
N\COOEt \coor’ ‘coor’ 
VI R=H VII R=H R’=H XI R=R’=H 
VII R=CH; IX R=H R'=GH, XII R=H_ R’=GwH, 
X R=CH; R’=GH,; XIII R=CH; R’=H 
(YY (YY (1) 
R.| | =COOH | | N R| COOH 
NN \A rN 
COOH 
XIV RH XVI XVII R=H 


Les deux acides a insaturation semicyclique XIV et XV ont dans leurs spectres infra- 
rouges les bandes caractéristiques, 1645 et 890 cm~, de la double liaison méthylénique, 
comme Stauffacher et Schinz (11) l’ont mentionné pour I’acide diméthyl-6,6 méthyléne-2 
cyclohexane-propionique. La formaldéhyde formée, selon le mode opératoire de Seidel, 
Schinz et Ruzicka (12), indique une teneur de 87% en liaison méthylénique chez l'acide 
XIV; cet acide fut obtenu également, avec un rendement global de 7-10%, en faisant 
réagir le méthyléne-triphényl-phosphorane (13)® sur l’oxo-2 cyclohexane-propionitrile (I) 
et en saponifiant le nitrile méthylénique XVI brut. 

L’hydrolyse (hydroxyde de potassium—méthanol) des lactone-esters IX et X conduit 
a des diacides que nous formulons comme XVII et XVIII rsepectivement, aprés examen 
de leurs spectres ultraviolets caractéristiques d’acides cyclohexylidéne-acétiques (15) 
(XVII: Amax 220.5 mu, log « = 4.11; XVIII: Amax 221.5 mu, log « = 4.10) et de leurs 
spectres infrarouges montrant deux sortes de groupes carbonyles. 

La saponification de I’hydroxy-ester-nitrile XI conduit 4 un acide brut, p.f. 124- 
137°, qui, traité par de l’acide chlorhydrique conduit 4 un carboxyméthyl-8a oxo-2 
perhydro-chromanne (VIII), p.f. 150°; cette constitution est établie par spectroscopie 
infrarouge et par titrage alcalimétrique. Cet acide se décarboxyle difficilement par 


®Pour cette nomenclature, voir {14). 











BRUDERLEIN ET AL.: REACTION DE REFORMATSKY 2087 


chauffage en acide méthyléne-2 cyclohexane-propionique (XIV) (rendement de 20%) 
et en divers autres composés que nous n’avons pas étudiés plus 4 fond. La pyrolyse de 
l’acide brut, p.f. 124—-127°, méne a l’acide XIV avec un rendement voisin de 60%; il se 
forme également dans cette réaction des traces de y-lactones et de 6-lactones, décelées 
par spectroscopie infrarouge. 

A partir de l’oxo-2 cyclohexane-acétonitrile (III) la réaction de Reformatsky donne 
trois composés également: I’hydroxy-ester-nitrile XIX, dont le spectre infrarouge est 
typique pour ces groupes fonctionnels; l’ester lactonique XX, dont le spectre infrarouge 
présente les deux bandes caractéristiques de la y-lactone et de l’ester; et une fraction 
acide, probablement X XI, qui donne XX par chauffage. L’hydrolyse de l’hydroxy-ester- 
nitrile XIX donne un mélange d’acides (diacide hydroxylé correspondant 4 X XI et acides 
non saturés XXII, selon le spectre infrarouge et le titrage alcalimétrique) qui se décar- 
boxylent pour donner l’acide méthyléne-2 cyclohexane-acétique (XXIII); cet acide a été 
caractérisé par son sel de benzyl-iso-thio-uronium; il est identique a celui que l’on 
obtient 4 partir du nitrile XXIV (préparé par la réaction de Wittig (13) au départ du 
céto-nitrile III). L’ozonolyse de cet acide XXIII confirme sa structure; le spectre infra- 
rouge présente les bandes (1645 et 892 cm) caractéristiques de la double liaison semi- 


cyclique. 
ca ff S=0 cy / \COOH 
Ge UE: bon 


\COooEt \cooEt \cooEt 

XIX Xx XXI 
(coon 7 © ys @ uy 

XXII XXIII XXIV 


La fagon dont les divers produits de réaction se forment doit étre soulignée. Une fois 
la condensation terminée et le composé zincique décomposé par de l’acide sulfurique on 
ne retrouve dans la phase organique, lors des extractions usuelles, que l’hydroxy-ester- 
nitrile. L’ester-lactone et la fraction acide se séparent peu a peu de la phase aqueuse 
acide sous forme d’une huile rouge; il faut donc admettre que ces derniers composés, 
solubles dans les solvants organiques, n’existent pas comme tels au moment de la décom- 
position du composé zincique, sans quoi on les retrouverait dans la phase organique a 
cété de l’hydroxy-ester-nitrile; nous formulons un composé intermédiaire basique formé 
dans le milieu anhydre requis par la condensation, puis retenu dans les eaux acides sous 
forme de sel, s’hydrolysant enfin petit a petit en lactone-ester et en acides carboxyliques; 
ce composé basique est une imino-O-lactone du type: 





(CHa): 
J 
R. C=NH R =H ou CH; 
rR’ “N\o% x =1ou2 
\COOEt 


"Les sels des imino-éthers s’hydrolysent en esters en milieu aqueux lorsque le catalyseur est un acide minéral 
fort (16, 17, 18, 19). 
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PARTIE EXPERIMENTALE® 

1. Diméthyl-4,4 oxo-2 cyclohexane-propionitrile (11) 

1.1. La diméthyl-3,3 cyclohexanone est préparée d’aprés la méthode de Frank et 
i gee selon le mode opératoire décrit en (21) pour la préparation de l’homocamphre. 

la technique de Cohen et Witkop (22) on prépare avec un rendement de 

a 5% la N-(diméthyl-5,5 cyclohexényl-1) pyrrolidine, a partir de diméthyl-3,3 cyclo- 
fieheien et de pyrrolidine. C’est un liquide incolore, p. é. 125° sous 18 mm, brunissant 
trés rapidement. Calculé pour Ci;2H2:N: C, 80.38; H, 11.81; N, 7.81%. Trouvé: C, 80.47; 
H, 11.55; N, 7.97%. Cette éne—amine est cyanoéthylée selon la technique décrite en (22). 
On obtient avec un rendement de 73% le diméthyl-4,4 oxo-2 cyclohexane-propioniirile 
qui, purifié par distillation, présente les constantes: p. é. 97-98° sous 0.55 mm, n3°= 
1.4640. Calculé pour Ci,Hi;NO: C, 73.70; H, 9.56; N, 7.81%. Trouvé: C, 73.94; H, 
9.47; N, 7.92%. Spectre infrarouge: —CN, 2250 cm; C=O, 1700 cm—. Dinitro-2,4 
phénylhydrazone: aiguilles orangé, p.f. 148.5-149.5° (CH;QH-—CHCI;). Calculé pour 
CizvHaiN;O;: C, 56.81; H, 5.89; N, 19.49%. Trouvé: C, 56.90; H, 5.93; N, 19.46%. 

1.3. Le céto-nitrile précédent (1 g) est chauffé a reflux avec 625 mg d’hydroxyde de 
potassium dans 6.25 ml d’eau pendant 20 heures. Aprés refroidissement, on extrait par 
de l’éther pour éliminer les composés neutres, refroidit la solution aqueuse alcaline a 5°, 
ajoute lentement de Il’acide chlorhydrique concentré refroidi 4 5° jusqu’au virage bleu 
du rouge congo. On extrait l’acide libéré par de l’éther; on lave deux fois la solution 
éthérée avec de l’eau, séche sur sulfate de sodium et distille l’éther; le résidu est recristallisé 
dans un mélange d’éther et d’éther de pétrole (p. é. 40-60°): on obtient 1g d’acide 
diméthyl-4,4 oxo-2 cyclohexane propionique (IV), nt 61-62°, ne donnant pas de 
dépression avec l’acide préparé en 2. 


2. Acide diméthyl-4,4 oxo-2 cyclohexane-propionique (1V) 

On ajoute 4 58g de diméthyl-4,4 oxo-2 cyclohexane-carboxylate d’éthyle, dans 77 g 
de tert-butanol, 2 ml de Triton B (solution aqueuse d’hydroxyde de benzyl-triméthyl- 
ammonium a4 40%), puis, goutte a goutte, en maintenant la température a 25°, 20g 
d’acrylo-nitrile. Il y a précipitation abondante; on fait passer le précipité en solution 
par adjonction de 40 ml de benzéne anhydre. Aprés 4 heures d’agitation le catalyseur 
est neutralisé par de l’acide chlorhydrique; la solution benzénique est lavée 4 neutralité. On 
distille le solvant et recristallise le résidu dans un mélange d’éther et d’éther de pétrole: 73 g 
(98% de rendement) d’éthoxycarbonyl-7 diméthyl-4,4 oxo-2 cyclohexane-propionitrile, 
p.f. 63°. Calculé pour Ci4H2NO: N, 5.57%. Trouvé: N, 5.62%. On hydrolyse le tout en 
chauffant a reflux avec 82.5 g d’hydroxyde de potassium p hast 825 ml d’eau. Aprés 24 
heures de chauffage on isole comme plus haut en 1.3, 55 g d’acide diméthyl-4,4 oxo-2 
cyclohexane-propionique brut, p.f. 59°. On en prépare l’ester éthylique (méthode ordinaire 
a l’alcool éthylique et l’acide sulfurique) que l’on saponifie (méthode habituelle par 
KOH) et obtient ainsi l’acide plus pur, p.f. 62°; P.M. calculé 198.27; trouvé 197.3. Calculé 
pour C,,H,s0;: C, 66.64; H, 9.15%. Trouvé: C, 66.48%; H, 9.05% 


8Les points de fusion (p.f.) ont été déterminés en tubes capillaires,lethermomeétre étant étalonné avec des substances 
de point de fusion connu (Bureau des Standards de Washington). Les spectres infrarouges ont été déterminés a 
Vaide d'un spectrométre Perkin-Elmer, modéle 21, optique NaCl; les liquides étaient sous forme de film, les 
solides en suspension dans le nujol; seules les bandes servant a I’ identification des composés sont indiquées: les 
valeurs en cm™ correspondent aux maxima d’absorption, sauf celles qui correspondent aux groupes —OH des 
acides carboxyliques et qui montrent la région entiére de l’absorption. Les spectres ultraviolets ont été déterminés 
au moyen d'un spectrométre Beckman DK1, dans l’éthanol 95%. Les poids moléculaires (P.M.) des acides ont 
été déterminés par titrages alcalimétriques. Les analyses sont de Geller Laboratoires, Hackensack, N.J., et de 
W. Manser, Herrliberg, Suisse. 
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Dinitro-2,4 phénylhydrazone de lester méthylique-—En traitant l’acide oxo-2 cyclo- 
hexane-propionique par une quantité équimoléculaire de dinitro-2,4 phénylhydrazine 
dans 20 fois son poids de méthanol contenant 4% d’acide chlorhydrique concentré on 
obtient la dinitro-2,4 phénylhydrazone de l’ester méthylique correspondant, aiguilles 
jaunes (MeOH), p.f. 110-111°. Calculé pour CisHaN Og: C, 55.09; H, 6.16%. Trouvé: 
C, 55.15; H, 6.07%. 


3. Action du bremo-acétate d’éthyle sur l’oxo-2 cyclohexane-propionitrile en présence de zinc 

3.1. Dans un ballon rond a deux tubulures, surmonté d’un refrigérant et d’une ampoule 
a robinet, on introduit 33.3 g (0.510 mole) de zinc en fine grenaille, préalablement lavé 
avec de l’acide chlorhydrique 4 5% et a l’eau et séché sous 12 mm 4a 100° en présence 
d’un petit cristal d’iode. On fait couler dans le ballon 40 ml du mélange: 70 g (0.463 mole) 
d’oxo-2 cyclohexane-propionitrile, 92.7 g (0.555 mole) de bromo-acétate d’éthyle, 140 ml 
de benzéne et 93 ml de toluéne anhydres. On amorce la réaction en chauffant légérement 
et on fait couler, goutte 4 goutte, le reste du mélange, de fagon 4 maintenir une douce 
ébullition. A la fin de l’addition on reprend le chauffage et maintient l’ébullition a reflux 
durant 2 heures 30 minutes. On abandonne ensuite la solution 4 25° pendant 12 heures. 
On projette alors le tout sur 800 g de glace concassée et on ajoute 750 ml d’acide 
sulfurique 2 N. On obtient deux phases limpides que l’on agite vivement, sépare par 
décantation et examine séparément. 

"3.2. Examen de la phase organique.—Elle est lavée successivement par des solutions 
d’acide sulfurique 4 5%, de carbonate de sodium a 10% et par de l’eau jusqu’a neu- 
tralité. Aprés séchage sur sulfate de sodium, on élimine les solvants par distillation et 
rectifie le résidu sous vide; fraction I: p. é. 96-149° sous 0.6 mm, 7 g, formée principalement 
par le céto-nitrile non entré en réaction; fraction II: p. é. 149-152° sous 0.6 mm, 21.9 g, 
constituée essentiellement de l’ester éthylique de l’acide (cyano-2 éthyl)-2 hydroxy-1 cyclo- 
hexane-acétique (V1), p. é. 128-130° sous 0.15 mm, n?*°= 1.4782, aprés redistillation. 
Calculé pour C;3H2:NO;: C, 65.24; H, 8.85; N, 5.85%. Trouvé: C, 65.92; H, 8.96; N, 
5.04%. Spectre infrarouge: —OH (—COOH), 3400-2400 cm; —OH (alcool), 3500 cm™; 
—CN, 2552 cm—!; =CO ester, 1730 cm—. 

3.3. Examen de la phase aqueuse.—Elle laisse déposer peu 4 peu une huile rouge, qui, 
aprés 8 heures, est extraite par de l’éther. La solution éthérée est lavée avec une solution 
d’hydroxyde de sodium 4 10%, ce qui permet d’en extraire une fraction acide. Ce qui 
reste dans l’éther est isolé, aprés séchage de la solution et évaporation du solvant, et 
rectifié par distillation: 1’(éthoxycarbonyl-méthyl)-8a oxo-2 perhydro-chromanne (1X) est 
un liquide incolore, p. é. 138° sous 0.4 mm, n?’ = 1.4842. Calculé pour Cy3H20O4: C, 
64.97; H, 8.39. Trouvé: C, 64.82; H, 8.26%. Spectre infrarouge: —CO ester et 6-lactone, 
1730 cm“. 

La fraction acide est isolée en acidifiant les eaux alcalines et en extrayant l’huile 
formée par de l’éther. L’huile obtenue aprés distillation de |’éther ne cristallise pas. Par 
chauffage 4 165°, sous vide de 0.1 mm, cette fraction acide se décompose en acide méthyl- 
éne-2 cyclohexane-propionique (XIV) (voir plus loin en 5.2). 

3.4. Au cours de certaines réactions de Reformatsky la fraction acide ne se décarboxyle 
pas en acide méthyléne-2 cyclohexane-propionique, mais conduit a la lactone ester IX 
mentionnée en 3.3, p. é. 135° sous 0.3 mm, n7° = 1.4842 (identité prouvée par spectres 
infrarouges). Le spectre infrarouge de cette fraction acide montre une bande a 3520 cm! 
(—OH, alcool), une région d’absorption prononcée de 3400 4 2500 cm (—OH, acide 
carboxylique), une bande large dans la région du groupe carbonyle, maximum a 1730 cm™, 
provenant des groupes —COOH et COOEt. 
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4. Carboxyméthyl-8a oxo-2 perhydro-chromanne (VIII) 

On chauffe 4 l’ébullition 4 reflux durant 24 heures 5g d’ester éthylique de l’acide 
(cyano-2 éthyl)-2 hydroxy-1 cyclohexane-acétique avec 5 g d’hydroxyde de potassium 
dans 50 ml d’eau. Aprés refroidissement on extrait par de l’éther pour éliminer les parties 
neutres; on acidifie par de l’acide chlorhydrique concentré la solution alcaline et on 
extrait les acides précipités par de l|’éther; la solution éthérée est lavée a l’eau, séchée sur 
du sulfate de sodium et évaporée. Le résidu (4.18 g, 90%) se solidifie lentement. Aprés 
quatre cristallisations dans le mélange acétone-éther de pétrole le point de fusion 
s’étend de 124° a 137°. Le composé ainsi obtenu (14.2 g) est chauffé, 2 heures durant, 
sous un séparateur d’eau, dans 350 ml de benzéne contenant 2 ml d’acide chlorhydrique 
concentré. Aprés distillation du benzéne on recueille 14.0 g d’acide, p.f. brut 144-146°, 
montant a 150° aprés cristallisation dans le mélange acétone—éther de pétrole. P.M. 
trouvé 210.7; calculé 212.25. Calculé pour Cy:HiO4: C, 62.25; H, 7.60%. Trouvé: C, 
62.16; H, 7.68%. Spectre infrarouge: —OH (COOH), 3400-2400 cm-'; bande forte a 
1700 cm-! (~=C=0, acide) avec fort épaulement 4 1730 cm™ (6-lactone). 


5. Acide méthyléne-2 cyclohexane-propionique (XIV) 

5.1. Premiere méthode.—A une solution 14.3 g (0.170 mole) de phényl-lithium dans 
150 ml d’éther on ajoute 61 g (0.170 mole) de bromure de méthyl-triphényl-phosphonium) 
puis on agite 1 heure a reflux sous atmosphére d’azote; a la solution rouge-brique refroidie 
a 0°, on ajoute goutte a goutte 25.7 g (0.170 mole) d’oxo-2 cyclohexane-acétonitrile; on 
chauffe a reflux pendant 3 heures, puis centrifuge et lave le précipité a l’éther. Les 
solutions éthérées réunies sont lavées a l’eau, séchées sur sulfate de sodium. Le résidu 
de la distillation de l’éther est distillé plusieurs fois pour fournir une fraction, p. é. 110— 
112° sous 0.5 mm, présentant des bandes 4 2250 cm~! (—CN) et 890 cm (double liaison 
semicyclique), donc riche en méthyléne-2 cyclohexane-propionitrile. Ce nitrile (3 g) est 
hydrolysé par chauffage avec 3g d’hydroxyde de sodium dans 50 ml d’eau, pendant 
24 heures. On isole a la maniére habituelle 2.1 g d’acide; l’acide méthyléne-2 cyclohexane- 
propionique pur présente les constantes suivantes: p. é. 108° sous 0.7 mm, 25 = 1.4810. 
Calculé pour CyoH O02: C, 71.39; H, 9.59%. Trouvé: C, 71.29; H, 9.59%. Spectre infra- 
rouge: OH (—COOH), 3400-2400 cm—!; —CO acide, 1715 cm; insaturation semi- 
cyclique, 1650 et 890 cm™. 

5.2. Deuxiéme méthode.—En la chauffant a 165° sous vide de 0.1 mm, dans un ballon 
de Claisen, la fraction acide décrite plus haut en 3.3 se décarboxyle pour donner I’acide 
méthyléne-2 cyclohexane-propionique, p. é. 107—109° sous 0.7 mm, m 3}=1.4838. 

5.38. Troisiéme méthode.—En le chauffant 4 165° sous 0.1mm dans un ballon de 
Claisen le carboxyméthyl-8a oxo-2 perhydro-chromanne brut décrit en 4, p.f. 124-137°, 
se décarboxyle pour donner l’acide méthyléne-2 cyclohexane-propionique qui distille; 
acide purifié par distillation, p. 6. 104-114° sous 1.0 mm, n?*-5 = 1.4840. Rendement de 
l’opération: 61%. Le spectre infrarouge montre des épaulements, sur la bande a 1715 cm=! 
vers 1735 (6-lactone) et 1770 (y-lactone). En pyrolysant le carboxyméthyl-8a oxo-2 
perhydro-chromanne, p.f. 150° (décrit en 4), on obtient 4 cé6té de l’acide méthyléne-2 
cyclohexane-propionique, p. é. 102° sous 0.4mm, m}° = 1.4842 (25%), une fraction 
huileuse importante, p. é. 185°, dont le spectre infrarouge montre des bandes 4 1740 et 
1770 cm indiquant une forte teneur en 6- et y-lactones. 

5.4. Sel de benzyl-iso-thio-uronium.—Aiguilles (MeOH), p.f. 145-145.5°. Calculé pour 
CisHogN2O02S: C, 64.64; H, 7.84%. Trouvé: C, 64.73; H, 7.90%. 

5.8, Ozonolyse.—En suivant fidélement la technique et les proportions indiquées par 
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Stauffacher et Schinz (11) 250 mg d’acide méthyléne-2 cyclohexane-propionique ont 
donné 130 mg du dérivé formaldéhyde-dimédon (soit une teneur de 87% en liaison 
méthylénique) et 40 mg d’acide oxo-2 cyclohexane-propionique, p.f. 62.5°, ne donnant 
pas de dépression de point fusion en mélange avec l’acide authentique, p.f. 64° (23). 


6. Acide carboxyméthyléne-2 cyclohexane-propionique (XVII) 

On chauffe sur un bain-marie, durant 2 heures 1 g d’(éthoxycarbonyl-méthyl)-8a oxo-2 
perhydro-chromanne (IX), 1 g d’hydroxyde de potassium dans 20 ml de méthanol. On 
distille le méthanol et projette le résidu sur 50 g de glace. On acidifie la solution par de 
l’acide chlorhydrique concentré, jusqu’au virage bleu du rouge congo. L’acide carboxy- 
méthyléne-2 cyclohexane-propionique qui précipite (918 mg) est cristallisé dans l’eau, 
p.f. 161-162°. P.M. trouvé 211.8; calculé 212.24. Spectre ultraviolet: Amax 220.5 mu, 
log « = 4.11. Spectre infrarouge: —OH (—COOH) 3400-2400 cm-'; 1714 cm-, =CO 
acide non conjugué; 1690 cm~!, —CO acide conjugué; 1623 cm, double liaison con- 
juguée. Calculé pour Cy;H:.0,4: C, 62.25; H, 7.60%. Trouvé: C, 62.11; H, 7.59%. 


7. Action du bromo-acétate d’éthyle sur le diméthyl-4,4 oxo-2 cyclohexane-propionitrile en 
présence de zinc 

En procédant comme plus haut en 3, on ajoute 4 18.3 g de zinc un mélange de 44.4 g 
de diméthyl-4,4 oxo-2 cyclohexane-propionitrile, 51.8 g de bromo-acétate d’éthyle, 100 ml 
de benzéne et 66 ml de toluéne anhydres. On recueille (a) dans la phase organique 17 g 
de céto-nitrile de départ, p. é. 104-118°, et 4.8 g d’un mélange riche en ester éthylique 
de l’acide (cyano-2 éthyl)-2 hydroxy-1 diméthyl-5,5 cyclohexane-acétique (VII), p. é. 140- 
150° sous 0.45 mm. Calculé pour Cis;HesNO;: C, 67.38; H, 9.43; N, 5.24%. Trouvé: 
C, 68.70; H, 9.16; N, 4.05%. Spectre infrarouge: —OH, 3505 cm~'; —CN, 2268 cm—'; 
=CO ester non conjugué, 1729 cm—; on décéle également une bande faible 4 1717 cm. 
(6) Dans la phase aqueuse acide (séparation en composés acide et neutre comme en 
3.3) on recueille: l’acide carboxyméthyl-2 hydroxy-2 diméthyl-4,4 cyclohexane-propionique 
(XIII), 8.5 g, p.f. 144.5-145.5°. Anal. Calculé pour C;3H2205: C, 60.45; H, 8.58%. Trouvé: 
C, 60.55; H, 8.58%. Spectre infrarouge: —OH (—COOH), 3400-2400 cm-'; —OH 
(hydroxyle), 3505 cm—!; CO acide, 1700 cm™ et |’(éthoxycarbonyl-méthyl)-8a diméthyl- 
7,7 oxo-2 perhydro-chromanne (X), qui aprés redistillation présente les coristantes sui- 
vantes: p. é. 137° sous 0.3 mm; 2? = 1.4847. Calculé pour Cys5H24O4: C, 67.14; H, 9.01%. 
Trouvé: C, 66.91; H, 8.90%. Spectre infrarouge: —CO ester et 6-lactone, 1731 cm—. 





8. Acide diméthyl-4,4 méthyléne-2 cyclohexane-propionique (XV) 

L’acide carboxyméthyl-2 hydroxy-2 diméthyl-4,4 cyclohexane-propionique (XIII) 
(8.5 g) est chauffé dans un ballon de Claisen jusqu’a 165° 4 pression atmosphérique, 
puis 4 0.6 mm jusqu’a 220°. Le vide varie de 0.6 4 2.7 mm, puis revient 4 2mm. En 
méme temps un liquide incolore distille, p. é. 117-124° (3 g ou 48% de rendement); 
l'acide diméthyl-4,4 méthyléne-2 cyclohexane-propionique redistillé présente les con- 
stantes: p. 6. 102-103° sous 0.2mm, 22° = 1.4755. Calculé pour Cy2H2O2: C, 73.43; 
H, 10.27%. Trouvé: C, 73.35; H, 10.23%. Spectre infrarouge OH (acide) 3400-2400 cm-; 
=CO acide, 1706 cm—'; double liaison semicyclique, 1647 et 894 cm—. 


9. Acide carboxyméthyléne-2 diméthyl-4,4 cyclohexane-propionique (XVIII) 

Comme décrit en 6, la saponification de 11 g d’(éthoxycarbonyl-méthyl)-8a diméthyl- 
7,7 oxo-2 perhydro-chromanne (X) conduit a 9.2 g d’acide carboxyméthyléne-2 diméthyl- 
4,4 cyclohexane-propionique. Le point de fusion brut 136-138° passe 4 135-140° par 
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cristallisation dans un mélange d’acétone et d’éther de pétrole et 4 137—140° par cristal- 
lisation dans l’eau. P.M. trouvé 246.2; calculé 240.30. Spectre ultraviolet: Amax 221.5 my, 
log « = 4.10. Spectre infrarouge: —OH (—COOH) 3400-2400 cm; —CO acide con- 
jugué, 1678cm~!; —CO acide non conjugué, 1707 cm; double liaison conjuguée, 
1629 cm—. Calculé pour Ci3;H20O,4: C, 64.98; H, 8.39%. Trouvé: C, 64.91; H, 8.42%. 


10. Action du bromo-acétate d’éthyle sur l’oxo-2 cyclohexane-acétonttrile en présence de zinc 

Selon la technique décrite en 3, on ajoute 4 37.3 g de zinc un mélange de 71 g d’oxo-2 
cyclohexane-acétonitrile, 104 g de bromo-acétate d’éthyle, 150 ml de benzéne et 100 ml 
de toluéne anhydres. On examine immédiatement la phase organique et au bout de 
24 heures la phase aqueuse. 

(A) La phase organique contient 23 g d’ester éthylique de l’acide cyanométhyl-2 hydroxy-1 
cyclohexane-acétique (XIX) qui aprés distillation présente les constantes: p. é. 128° 
sous 0.3mm, nj‘ = 1.4788. Calculé pour Cj2HigNO3: C, 63.97; H, 8.50; N, 6.22%. 
Trouvé: C, 63.98; H, 8.47; N, 6.06%. Spectre infrarouge: —OH, 3500 cm—!; —CN, 
2260 cm-!; =CO 1720 cm. 

(B) La phase aqueuse abandonne: (a) 54.5 g d’(éthoxy-carbonyl-méthyl)-7a oxo-2 oxa-1 
perhydro-indéne (XX), p. é. 132° sous 0.5mm, 2? = 1.4788. Calculé pour Ci2H1s04: 
C, 63.70; H, 8.02%. Trouvé: C, 63.65; H, 7.94%. Spectre infrarouge: CO (y-lactone) 
1780 cm; =—CO (ester) 1735 cm. (6) 2.2 g d’acide qui par distillation donne 1.2 g 
d’un composé dont le spectre infrarouge est superposable a celui de 1’ (éthoxycarbonyl- 
méthyl)-7a oxo-2 oxa-1 perhydro-indéne (XX). 





11. Acide mthyéléne-2 cyclohexane-acétique (XXIII) 

11.1. Premiére méthode.—Selon le mode opératoire décrit en 5.1, on ajoute 15.4 g 
d’oxo-2 cyclohexane-acétonitrile dans 120 ml d’éther anhydre a une solution éthérée 
préparée a partir de 40.0g de bromure de méthyl-triphényl-phosphonium, 2.4 g de 
lithium et 27 g de bromobenzéne dans 106 ml d’éther. On chauffe a reflux, en atmosphére 
d’azote, pendant 3 heures. On obtient aprés extraction et distillation 2.2 g (15) d’un 
liquide incolore, jaunissant trés rapidement, p. é. 95-105° sous 25 mm. Bande —CN a 
2254 cm=! et bandes 4 1645 et 892 cm! (double liaison semicyclique) dans le spectre 
infrarouge. On hydrolyse immédiatement ce nitrile: 3 g sont chauffés a reflux durant 
24 heures avec 3.8 g d’hydroxyde de potassium dans 10 ml d’eau. L’acide méthyléne-2 
cyclohexane-acétique, extrait 4 la maniére habituelle, est un liquide, p. é. 139° sous 
ll mm, n? = 1.4814. P.M. trouvé 156.9; calculé 154.21. Calculé pour CgHiO2: C, 
70.10; H, 9.15%. Trouvé: C, 70.13; H, 9.16%. Spectre infrarouge: —OH (—COOH) 
3400-2400 cm; CO acide, 1700 cm—'; double liaison semicyclique, 1646 et 892 cm-. 

11.2. Deuxiéme méthode.—Selon le mode opératoire décrit plus haut en 4, 20.8 ¢ 
d’ester éthylique de l’acide cyanométhyl-2 hydroxy-1 cyclohexane-acétique (XIX) sont 
saponifiées par 20.8 g d’hydroxyde de potassium dans 200 ml d’eau. On obtient 17 g 
d’acides, cristallisant en partie dans le nitrométhane, p.f. 153.5-154.5°. P.M. trouvé: 
208.8. Calculé pour l’acide hydroxy-1 cyclohexane diacétique-1,2, 216.24, et pour l’acide 
déshydraté correspondant XXII, 198.22. La littérature (24) donne pour un mélange 
des acides XXII isoméres un point de fusion de 164-166°. En chauffant 125 g de l’acide, 
p.f. 153.5-154.5°, A 250° sous pression atmosphérique, puis sous 11 mm dans un ballon 
de Claisen, on recueille un distillat de 204 mg, p. é. 125-139°, n2* = 1.4795. On reprend 
cet acide par de 1|’éther; on lave la solution avec une solution aqueuse NaHCO; 10% 
refroidie 4 5°; on libére l’acide méthyléne-2 cyclohexane-acétique par HCl 10% (tem- 
pérature 5°) que l’on isole 4 la maniére habituelle par de |’éther. Le spectre infrarouge 
de cet acide est superposable 4 celui obtenu par la premiére méthode. 
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11.3. Sel de benzyl-iso-thio-uronium.—Aprés trois cristallisations dans |’acétone, 
aiguilles p.f. 159-160° (premiére méthode), 158-158.5° (deuxiéme méthode); pas de 
dépression en mélange. Calculé pour Ci7H24N2O02S: C, 63.72; H, 7.55; N, 8.74%. Trouvé: 
C, 63.71; H, 7.54; N, 8.69%. 

11.4. Ozonolyse.—Selon le mode opératoire mis en ceuvre en 5.5, 254 mg d’acide 
méthyléne-2 cyclohexane-acétique donnent 150 mg de dérivé formaldéhyde-dimédon, 
p.f. 189-190°, soit un rendement de 34.2% correspondant a une teneur de 102.6% en 
insaturation semicyclique. 
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SELECTIVE ENZYMOLYSIS OF POLY-$-D-GLUCANS, AND THE 
STRUCTURE OF THE POLYMERS! 


F. W. ParrisH,? A. S. PERLIN, AND E. T. REESE? 


ABSTRACT 


The soluble poly-8-p-glucan from oats has been subjected to degradation by two different 
types of enzymes. ‘‘Cellulase’’ converts the polysaccharide to a trisaccharide, 4-O-8-D-lamina- 
ribiosyl-D-glucose, and two tetrasaccharides, 3’-O-8-D-cellobiosyl-p-cellobiose and 4’-O-8-p- 
laminaribiosy]l-p-cellobiose.* Degradation by the second enzyme, ‘‘laminarinase’’, produces a 
trisaccharide, 3-O-8-D-cellobiosyl-D-glucose, and a tetrasaccharide, 3-O-8-p-cellotriosyl-p- 
glucose.t These products, which account for 75-85% of the polymer in each experiment, 
have been characterized by chemical methods. The data show that the glucan is composed 
almost entirely of two types of structural sequences: one is a tetrameric unit in which a single 
8-(1 — 3) linkage alternates with two 8-(1 — 4) linkages, and the other, a pentameric unit 
in which a single 8-(1 — 3) linkage alternates with three consecutive 8-(1 — 4) linkages. 

The soluble poly-8-p-glucan from barley has been shown by enzymolysis with the ‘‘cellu- 
lase”’ to be closely related in detailed structure to the oat polymer. 

Steric aspects of the enzymic degradations are discussed. 


The grains of oats and barley contain water-soluble polysaccharides which are com- 
posed of 8-pb-glucopyranosy] units (1, 2, 3, 4, 5). In barley, the polyglucan appears to be 
closely associated with the malting process, during which there occurs a large increase in 
the proportion of the water-soluble polymer. Results from several investigations (6, 7, 
8, 9) have shown that these polysaccharides are linear and that the monomeric units 
are joined by either (1 — 3) or (1 — 4) 8-D-glycosidic linkages. An examination by Peat, 
Whelan, and Roberts (9) of the products formed by partial acid hydrolysis of oat glucan, 
has demonstrated clearly that both types of linkage occur together in the same chain, 
and that a major proportion of the polymer may be represented by a tetrameric repeating 
unit (I) in which two (1 — 4) linkages and a (1-3) linkage alternate. Lichenin, a 
poly-8-p-glucan from Iceland moss, was found also by this approach to be constituted 
in a closely similar fashion (9). 

In the current study, the 6-p-glucans from oats and barley have been degraded 
selectively with two different enzymic preparations, a “‘cellulase’’ and a ‘‘laminarinase’’. 
From the: identity of the products formed detailed information about the structure of 
the polysaccharides has been obtained. The basic type of formula (I) advanced by Peat, 
Whelan, and Roberts has been confirmed for the oat glucan, and shown to apply also 
for barley glucan, and additional data about the constitution of these polymers provided. 


Gpl —3 Gl —4Gl1 —4G, 
I 
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chusetts. 

Issued as N.R.C. No. 5975. 

2 National Research Council of Canada Postdoctorate Fellow, 1959-1960. 

3 Microbiology Laboratory, Quartermaster Research and Engineering Center, Natick, Massachusetts. 

*For the sake of brevity, trivial names are used where possible in describing the oligosaccharides reported in 
this paper. More formal descriptions of the trisaccharide and two tetrasaccharides, respectively, are: O-8-D-gluco- 
pyranosyl-(1 — 3)-O-B-D-glucopyranosyl-(1 — 4)-D-glucose; O-8-D-glucopyranosyl-(1 — 4)-O-B-D-glucopyrano- 
syl-(1 — 3)-O-B-D-glucopyranosyl-(1 — 4)-D-glucose; and O-8-D-glucopyranosyl-(1 — 3)-O-B-D-glucopyranosyl- 
(1 — 4)-O-8-p-glucopyranosyl-(1 — 4)-D-glucose. 

tO-8-D-Glucopyranosyl-(1 — 4)-O-8-D-glucopyranosyl-(1 — 3)-D-glucose and O-8-D-glucopyranosyl-(1 — 4)- 
O-8-D-glucopyranosyl-(1 — 4)-O-8-D-glucopyranosyl-(1 — 3)-D-glucose, respectively. 
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Enzymic Degradation by Cellulase 

The glucans were found to be hydrolyzed rapidly and extensively by a cellulase isolated 
from Streptomyces sp. QM B814. This enzyme preparation hydrolyzes cellulose in high 
yield to cellobiose and cellotriose (10). Under conditions expected to minimize trans- 
glycosylation side-reactions, the products formed from both glucans were mainly one 
tri- and two tetra-saccharides, and only minor or trace proportions of higher oligo- 
saccharides, disaccharides, and glucose were detected. The products (Table I) were iso- 
lated by preparative paper chromatography. 


TABLE I 
Yields of products from enzymolysis of poly-8-D-glucans* 














Cellulase Laminarinase 
Fraction Barley glucan Oat glucan Oat glucan 
Trisaccharide 628 520 
Tetrasaccharides Sos f (2.7) sa (2.5) S02 (2.3) 
Disaccharide 68 61 
Glucose 9 3 81 


Unidentifiedt 93 67 — 





*Milligrams of crude product/1.0 g polyanhydroglucose. Figures in parentheses 
are moles trisaccharide : moles tetrasaccharide. 
tComponents remaining close to the origin on paper chromatograms. 


The major product obtained from each glucan (yield, about 60%) was an amorphous 
trisaccharide, which was purified by conversion to a crystalline acetate. The physical 
constants of the derived acetate corresponded to those reported for 4-O-8-p-lamina- 
ribiosyl-p-glucose undecaacetate (9), and the free trisaccharide was found to possess 
this structure (I1)* in the following way. On treatment with lead tetraacetate in the 
presence of potassium acetate the compound produced formic acid at the same rate as 
cellotriose (11), and consumed 4 moles of oxidant, consistent with the formulation of a 


ay re CH,0H HOH 
OH 
~~ H LTA~KOAg KOAc ky HOH 0. 
H 
CHO y . , _— 
CHO Il 
noon, | Ht 
CH,0H 
H,0H H H 
gine MoM wifi 
©. LTA O-CH 
i. NaBH, CH,0H 
XV IV 
NaBH, | Ht 


OH OH H,0H CH,OH CH,OH 
yan ee Fe 25 La 
LTA-KOAc -f, r. e 
CHO HO 


*All hexopyranosyl units represented by these formulae possess the D-gluco-configuration. 
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4-substituted reducing end-unit, and the production of III. The oxidation product was 
reduced with sodium borohydride (12), and selectively hydrolyzed with acid under the 
conditions recommended by Smith and co-workers (13), yielding 2-O-8-p-glucopyranosy]l- 
p-erythritol (IV) (14). Hence the central unit of the original trisaccharide was attached 
to the reducing end-unit by a 8-(1 — 4) linkage. The validity of this degradation pro- 
cedure was checked with cellotriose (V), which also yielded IV since the central unit 
in this trisaccharide is resistant to lead tetraacetate oxidation under the conditions 
used (11). In the absence of potassium acetate, a relatively slow uptake of about 1.7 
moles of lead tetraacetate was observed with II, characteristic of a 4-substituted 
D-glucose (14), and reduction of the product afforded 2-O-8-p-laminaribiosyl-D-erythritol 
(VI). Presence of the 8-(1 — 3) linkage in II was confirmed by partial hydrolysis, which 
afforded laminaribiose, characterized as the octaacetate. 


CH,OH CHOH 
CH9OH 2 H 

25 HOCH yey eo HOCH 

CH,OH o-¢H o-¢H 
oo CH,OH CH,OH 

vi vil 
CH,OH & 
cH,OH GH,OH cH,OH CH.OH ‘o ‘rok 
IX 


The amorphous tetrasaccharide fraction obtained from the oat and barley glucans 
accounted for about 30% of the original polysaccharides. Oxidation of each fraction with 
lead tetraacetate — potassium acetate, followed by reduction of the oxidized tetramer with 
sodium borohydride and selective acid hydrolysis (13), yielded two products in a ratio 
of approximately 3 to 2. The major product was 2-O0-8-p-cellobiosyl-pD-erythritol (VII) 
and the other, 2-O-8-p-laminaribiosyl-p-erythritol (VI). Isolation of these two triitols 
showed that the tetrasaccharide fractions contained two components (not separable by 
paper chromatography), one containing a central 8-(1 — 4) linkage and the other a 
central 8-(1 — 3) linkage, and both having a 8-(1 — 4) linkage adjacent to the reducing 
end-unit. One of these components was isolated by fractional crystallization,* and when 
degraded according to the reaction sequence described above afforded VII. Also, on 
reduction followed by partial acid hydrolysis, the crystalline tetrasaccharide gave 
laminaribiose, cellobiose, and trisaccharide (II). These properties therefore characterized 
the compound as 4’-O-8-p-laminaribiosyl-p-cellobiose (VIII). The second tetrasaccharide 
component was amorphous. However, it was shown to be 3’-O-8-p-cellobiosyl-p-cello- 
biose (IX), since it yielded VI on selective degradation (as above), and after reduction 
followed by partial hydrolysis it afforded cellobiose, laminaribiose, and trisaccharide (X). 

A detailed structure for the major proportion (about 85%) of the oat and barley 
8-p-glucans may clearly be formulated from the identity of the three oligosaccharides 
obtained by enzymolysis. Since the molar ratio of trisaccharide to tetrasaccharide formed 


*Two modifications of this tetrasaccharide were obtained, the a-anomer and a dihydrate of the B-anomer. 
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is about 2.5 to 1, and since (on the average) about seven glucose units are linked by 
(1 — 4) bonds and three by (1 — 3) bonds, a structural relationship between polymer 
and products may be depicted as in Fig. 1.* According to this scheme, the polymers 


O-3@--0 O-3@--0-4O0 O-3@'--O 
Il | Vill | u 
| (d) | 


(a) 
OO 520-140-3510 401G 0G Or 


Dai as tel te Tee al 


—_-—--—-—-—--s 


| | 
| | 
| | 
| | 


O-3@--O O-3@8-4O Ol-401-3@1-+O 
i Il Ix 


Fic. 1. Structural relationship between oat and barley poly-8-p-glucan (central row of circles) and 
oligosaccharides produced by the action of “‘cellulase’’. All circles represent 8-D-glucopyranosyl units; those 
units which are bonded glycosidically through positions-1 and -3 are in black, for contrast. 


contain two types of repeating units represented by (a) a tetrameric unit (I, page 2094) 
in which a single B-(1 — 3) linkage alternates with two consecutive 6-(1 — 4) linkages 
(9), and (6) a pentameric unit in which a single 8-(1 — 3) linkage alternates with three 
consecutive.B-(1 — 4) linkages. The (1 — 3) bonds occur solely in isolated positions, but 
there can be few, if any, isolated (1 — 4) bonds in the molecule.f Rather, the (1 — 4) 
linkages are found most frequently in pairs and less often as a sequence of three, but the 
available evidence suggests that there are never more than three (1 — 4) linkages in 
consecutive order along the polymer chain. 

Formation by the cellulase of the two tetrasaccharides VIII and IX appears to involve 
cleavage of bond (0) or (a), respectively (Fig. 1), 2 moles of trisaccharide II being formed 
in either instance. Since more of VIII than IX is produced, bond (a) is the more easily 
cleaved although the difference is rather small (ratio of 3.5 to 2). However, it may be 
noted that bond (c) is not cleaved by the enzyme, although it is also of the B-(1 — 4) 
type usually associated with cellulase action. As noted elsewhere (15), the p-glucosyl 
unit to the left of bond (c) is substituted at position-3, rather than at position-4, making 
for a ‘‘(—3)-8-(1 — 4)” relationship. By contrast, linkages (a), (0), and (d), which 
possess a ‘‘(— 4)-8-(1 — 4)” arrangement, all are cleaved by the cellulase. 


Enzymic Degradation by Laminarinase 

A second type of enzyme, classified as a “laminarinase’” by Reese and Mandels (16) 
since it shows high specificity for laminarin, was also found capable of rapidly degrading 
the 6-p-glucans. This glycosidase is an endo-enzyme produced by Rhizopus arrhizus 
QM 1032. Acting on laminarin, it yields laminaribiose and laminaritriose as the dominant 
products (16). With the oat polymer, a tri- and tetra-saccharide were detected in the 
hydrolyzate together with a small proportion of laminaribiose. The major product, which 

*For simplicity, the ratio of tri- to tetra-saccharide in Fig. 1 is 2 to 1. However, closer agreement is obtained 
with the ratio found experimentally by considering a larger repeating structure (e.g., one containing 20-25 units). 
The molecular weight of the polysaccharides was not estimated, but the low yield of formic acid produced during 
periodate oxidation of the materials (experimental section) indicated a D.P. value of not less than 50-100 units. 


fOligosaccharides having D.P. greater than 4, which were formed in low yield (Table I), were not examined 
and may represent minor structural sequences not accommodated by Fig. 1. 
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accounted for about 50% of the glucan, was an amorphous trisaccharide, characterized 
as the derived acetate. This trisaccharide was shown to be 3-O0-8-p-cellobiosyl-pD-glucose 
(X)* by the following reactions. It rapidly consumed 1 mole of lead tetraacetate per 
mole and yielded an equivalent of pentose showing that the reducing end-unit was 
substituted at position-3 (14). In agreement with this assignment the compound migrated 
on an electrophoretogram (18) at a rate close to that of laminaribiose. The oxidized 
trisaccharide was reduced to the corresponding glycitol (XI, not isolated) which was 
treated in turn with 2 moles of lead tetraacetate, followed by a second reduction. This 
degradation procedure had been used earlier to convert a 3-linked hexose disaccharide 
to a 2-O-glycosyl-glyceritol (19). Accordingly, the final product obtained was 2-O0-8-p- 
cellobiosyl-glyceritol (XII). 


CH,0H 
0, 
CH,0H CH,OH CH,OH CH,OH 
_ Hp "OR con 
te) O—CH 
0. 0. 1 
CHOH 
CHOH 
D4 XI CH,OH 
CH,OH CH,OH H50H CH,OH CH,0H 
° ° or ° ° 20 — 
O—CH O—CH 
0. 1 ) (0) 1 
CH,OH CHOH 
XIl Xtll 


The tetrasaccharide, which accounted for 30% of the polymer, was crystalline. Its 
behavior on oxidation with lead tetraacetate and ionophoresis paralleled that of the 
trisaccharide (X) (above), showing that this compound also possesses a 3-substituted 
reducing end-unit. By selectively degrading the reducing end-unit to a 2-substituted 
glyceritol unit (as for X to XI), 2-O-8-p-cellotriosyl-glyceritol (XIII) was obtained. 
Accordingly, the tetrasaccharide produced by laminarinase action is 3-O-8-D-cellotriosyl- 
p-glucose (XIV, Fig. 2). 

O--03@ O--O-4+0:'-3@ O-+O0:-3@ 

x XIV x 

| 
| 
| 


-3O'-4O!-3@i4 40-40: —4*O!-3@' 440: —O'-3@ i, 
c 


Fic. 2. Structural relationship between oat poly-8-p-glucan (lower row of circles) and oligosaccharides 
produced by the action of “‘laminarinase”’. All circles represent 6-D-glucopyranosyl units; those units which 
are bonded glycosidically through positions-1 and -3 are in black, for contrast. 


Together, the tri- and tetra-saccharide account for about 80% of the original oat 
8-p-glucan and are produced in a molar ratio of about 2.3 to 1. As shown in Fig. 2, for- 
mation of these products can readily be accommodated by the polymeric structure 


*Two sets of physical constants have been reported for the undecaacetate of this compound: m.p. 110° C, [alp 
—8° (9) and m.p. 183° C, [alp —22° (17). (The acetate obtained in the current study has the same properties 
as recorded in reference 9.) Consequently, a confirmation of the structure of X appeared necessary, and 1s reported 
herein. 
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already depicted in Fig. 1.* With laminarinase, cleavage was specific for linkage (c), 
i.e., one adjacent to a 6-D-glucosyl unit substituted at position-3, rather than the B-(1 — 3) 
bond itself (15). Hence, in contrast to the action of cellulase, only one tetrasaccharide 
was obtained. These results, therefore, fully complement those obtained by enzymolysis 
of the 8-p-glucans with cellulase, and show clearly that the major proportion of the 
polysaccharides is constituted as depicted in Figs. 1 and 2. It is possible that the glucans 
comprise a mixture of molecules, some of which contain only the tetrameric repeating 
unit and others only the pentameric unit. However, formation of the two tetrasaccharides 
by the ‘‘cellulase’’ is accommodated most readily by assuming that both types of repeating 
units occur interspersed within the same molecule. Of possible significance in this con- 
nection is the fact that fractional precipitation of barley glucan yielded several fractions, 
each of which was hydrolyzed to the same degree by cellulase and gave the same mixture 
of products. 


EXPERIMENTAL 

Paper chromatography was carried out with ethyl acetate: pyridine: water (10:4:3) as 
solvent (20); for preparative chromatography Whatman 3MM paper was used. Spray 
reagents used were aniline oxalate (21) and ammoniacal silver nitrate (22). Rg represents 
the rate of travel of a compound on a chromatogram relative to the rate for glucose. 

Paper electrophoresis (18) was carried out using borate buffer (pH 9.2 (23)) at 10 
volts per centiméter. 

Copper-reducing power was measured by the method of Nelson (24). 

Solutions were evaporated at 40-50°C, and optical rotations were measured at 
approximately 25° C. Melting points are corrected. 

Oat flour was milled from Fortune oats grown at the University of Saskatchewan, 
and barley flour from husky six-rowed barley grown in the Saskatoon area. 


Isolation of Polyglucans 

A combination of the procedures described by Morris (2) and by Meredith, Watts, 
and Anderson (5) was used. Oat or barley flour (3 kg), previously heat-inactivated with 
boiling 80% ethanol, was extracted with water (24 liters) for 3 hours in the presence of 
papain (6g). The digest was centrifuged and ammonium sulphate (220) g) was added 
to the supernatant solution causing flocculation of the polyglucan. The latter was col- 
lected, washed with 50% ethanol until sulphate-free, then with acetone, and air-dried. 
The barley glucan (19.0 g) was a white powder, [a]?? —13.1° (c, 0.9, H,O). Found: 
anhydroglucose (copper-reducing power after hydrolysis), 89.0%; N, 0.37%; ash, 0.81%; 
moisture, 12.4%. The oat glucan (26.0 g) was a white fibrous material, [a]?7 —8.3° (c, 
0.9, HO). Found: anhydroglucose, 86.9%; N, 0.36%; ash, 0.17%; moisture, 10.2%. 


Periodate Oxidation of Polyglucans 

By oxidation of the polyglucans with 2 molar equivalents of sodium metaperiodate 
at 20°C in the dark, the following results were obtained: 

Periodate consumed by barley glucan (moles/mole (hours)): 0.72 (20), 0.73 (45), 
0.79 (95), 0.81 (141). Formic acid production (moles/mole) at 20 and 141 hours was 
0.005 and 0.055, respectively, giving a corrected value of about 0.75 mole periodate 
consumed per anhydroglucose unit at 141 hours. 

Closely similar data were obtained with the oat glucan. Periodate consumption (moles/ 


*See footnote, p. 2097. 
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mole (hours)): 0.65 (23), 0.76 (47), 0.77 (102), 0.80 (143). At 47 hours the yield of formic 
acid was 0.016 mole/mole. 


Degradation of Barley Glucan Fractions with Cellulase 

Ethanol was added dropwise to a vigorously stirred barley glucan solution (500 mg, 
22.5 ml). Precipitates obtained (weights in parentheses) between zero and 17% ethanol 
(115 mg), 17-23% (276 mg), 23-31% (57 mg), 31-47% (21 mg), and 47-64% (5 mg) 
were collected and dried. The first four fractions (18 mg) were incubated in water 
(1.7 ml) at 48° C and pH 6 with cellulase (6 mg). No difference was observed between 
fractions in rate of hydrolysis (copper-reducing power). In addition, when the reducing 
power became constant (at glucose equivalent of 25%, 2 hours), paper chromatographic 
examination of the digests showed the presence in each of two main products, corre- 
sponding to a tri- and tetra-saccharide, respectively (Rg 0.45 and 0.22). Of the three 
minor products detected, two were indistinguishable from glucose and cellobiose, and 
the third had Rg, 0.10. 

Further experiments with the unfractionated glucan showed that the glucan: cellulase 
ratio could be increased to 8:1 with little effect on the degree of hydrolysis attained and 
the type of products formed. 


Degradation of Oat and Barley Glucans with Cellulase 

Oat or barley glucan (1.0g) in water (100 ml) was incubated at 48°C with cellulase 
(0.12 g) for 5 hours. The enzyme was then inactivated by heating the digest for 10 
minutes on the boiling-water bath, the digest was filtered, concentrated, and the syrup 
obtained was chromatographed on Whatman 3 MM paper sheets. After elution from 
the papers with water, the sugars were purified by use of mixed-bed ion-exchange resins. 
Yields of individual sugars are given in Table I. 


Products from the Cellulase Degradation of Barley Glucan 

4-O-8-b-Laminaribiosyl-p-glucose (II) 

The trisaccharide fraction was chromatographically homogeneous containing neither 
laminaritriose nor cellotriose, [a]p +11.6° (c, 1.38, H2O). Partial hydrolysis of the material 
yielded cellobiose, laminaribiose, and glucose (paper chromatogram). On treatment with 
lead tetraacetate the rate of uptake of oxidant was closely similar to that of cellotriose 
and cellobiose (11, 14), and in the presence of potassium acetate the lead tetraacetate 
oxidation characteristics were those of a hexopyranosyl trisaccharide possessing a 
4-linked reducing end-unit (11). 

4-0-8-b-Laminaribiosyl-8-p-glucose Undecaacetate 

A portion (53 mg) of II was heated at 100° C for 2 hours with acetic anhydride con- 
taining anhydrous sodium acetate. After evaporation of the acetic anhydride the product 
was isolated by extraction into chloroform and crystallized from ethanol (weight, 75 mg), 
m.p. 120-122°C and [a]p —20.0° (c, 1.5, CHCls) (lit. (9) m.p. 121-123°C and [alp 
—22.2°). Calculated for C4oH 5407: C, 49.69%; H, 5.63%; acetyl, 48.98%. Found: C, 
49.55%; H, 5.70%; acetyl, 49.10%. 

Deacetylation of the material in the mother liquors, followed by paper chromatography, 
indicated the presence of II only. 

Degradation of II to 2-O-8-b-Glucopyranosyl-D-erythritol 

The amorphous material (149 mg) in water (1 ml) was taken up in acetic acid (9 ml) 
and treated with a solution of lead tetraacetate (660 mg, 5 molar proportions) and 
potassium acetate (400 mg) in acetic acid (27 ml). After 11 hours the excess tetravalent ; 
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lead was reduced with a 10% solution of oxalic acid in acetic acid (0.2 ml), and the 
solution was treated with excess Amberlite IR-120 and concentrated. By repeated 
addition of ethanol and toluene to the residue, and evaporation, the last traces of acetic 
acid were removed. The final residue was dissolved in water (5 ml) and added slowly to 
a solution of sodium borohydride (150 mg) in ice water (5 ml). After 16 hours, sodium 
ions were removed with Amberlite IR-120 and borate as the volatile methyl ester, and 
the reduced product was treated with 0.1 N sulphuric acid at room temperature for 
16 hours (13). The hydrolyzate was neutralized with Dowex-1 resin and concentrated, 
and was found by paper chromatographic examination to contain two main components 
indistinguishable from 2-O0-6-p-glucosyl-D-erythritol and glycerol. This mixture (105 mg) 
was fractionated on a column of coconut charcoal (25) (5 g) by gradient elution with 
aqueous ethanol up to a concentration of 20% ethanol, affording 2-O-8-p-glucopyranosyl- 
p-erythritol (40 mg), m.p. 191-194° C and [a]p —15.2° (c, 1.8, H2O). The X-ray diffraction 
pattern of the compound was indistinguishable from that of an authentic sample (14). 
Calculated for CioH2O 9: C, 42.25%; H, 7.09%. Found: C, 42.42%; H, 7.39%. 


Degradation of II to Laminaribiose 

A portion (800 mg) of II was hydrolyzed with 0.33 N sulphuric acid (30 ml) for 1 
hour at 100° C, the hydrolyzate was neutralized, concentrated, and fractionated on a 
cellulose column using butanol saturated with water as solvent. Laminaribiose (117 mg) 
was isolated and characterized by conversion to the 8-octaacetate, m.p. 163-165° C 
and [a]p —26.2° (c, 2, CHCl;), which gave an X-ray powder diagram indistinguishable 
from that of an authentic specimen. Calculated for CosH3sQi9: C, 49.56%; H, 5.65%. 
Found: C, 49.38%; H, 5.78%. 


2-0-8-p-Laminaribiosyl-p-erythritol (V1) 

4-O0-8-pD-Laminaribiosyl-D-glucose (II) (200 mg) in water (0.5 ml) was taken up in 
acetic acid (30 ml) and oxidized with lead tetraacetate (320 mg). After 5 hours excess 
tetravalent lead was reduced and divalent lead precipitated by addition of excess 10% 
oxalic acid in acetic acid. The product was reduced with sodium borohydride and crystal- 
lized from methanol-ethanol, m.p. 164-166° C and [a]lp —23.8° (c, 1.5, H2O). Calculated 
for CygH3oOi4: C, 43.05%; H, 6.77%. Found: C, 42.84%; H, 7.08%. 


2-0-8-D-Cellobiosyl-p-erythritol (V11) and 2-O-8-p-Laminaribiosyl-D-erythritol (V1) from 

the Tetrasaccharide Fraction 

The tetrasaccharide fraction appeared to be chromatographically homgeneous, [a]p 
+9° (c, 3.1, HO). The copper-reducing power ratio before and after acid hydrolysis 
was 1:3.9 (requires 4.0). 

A portion (229 mg) of the material was oxidized in 90% acetic acid with lead tetra- 
acetate (916 mg, 6 molar proportions) in the presence of potassium acetate (440 mg) 
for 11.5 hours. By the procedure described above, the oxidation product was recovered, 
reduced with sodium borohydride, and partially hydrolyzed. Paper chromatographic 
examination of the hydrolyzate showed the presence of two triitol components which, 
after separation by preparative paper chromatography, were found to be: 

(a) 2-O0-8-p-Laminaribiosyl-p-erythritol (V1) (29 mg).—Crystallized from methanol- 
ethanol, it had a melting point of 171-173° C and gave an X-ray powder diagram in- 
distinguishable from that of the authentic material. 

(b) 2-O-8-p-Cellobiosyl-p-erythritol (VII) (65 mg)—which, after crystallization from 
aqueous methanol, had a melting point of 209-211° C, [a]p —8.3° (c, 1.2, H2O), and gave 
an X-ray powder diagram indistinguishable from that of a specimen prepared from 
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cellotriose* (27). Calculated for CigHsoO14: C, 48.05%; H, 6.77%. Found: C, 42.86%; 
H, 6.84%. 

Isolation of these two products showed that the original fraction contained two tetra- 
saccharide components. The ratio of the triitols, estimated by the anthrone method 
(26) after elution of the products from paper chromatograms, was 1.8 to 1. 

4'-O0-B-p-Laminaribiosyl-a-D-cellobiose (VIII) 

The tetrasaccharide fraction (243 mg) afforded crystalline material (120 mg) from solu- 
tion in aqueous methanol, m.p. 221-224° C (decomp.), [a]p +12.9° (2 minutes) — +10.6 
(45 minutes, constant) (c, 3.6, H.O). Calculated for C2sHqwOn: C, 43.24%; H, 6.35%. 
Found: C, 43.16%; H, 6.67%. 

Degraded by the procedure described in the previous section, the crystalline tetra- 
saccharide afforded 2-O0-8-p-cellobiosyl-D-erythritol (VII), but no laminaribiosyl-ery- 
thritol. Reduction of the tetrasaccharide with sodium borohydride, followed by partial 
acid hydrolysis with 0.33 N sulphuric acid at 100° C for 1 hour, yielded glucose, lamina- 
ribiose, cellobiose, and 4-O-8-p-laminaribiosyl-p-glucose (II) (paper chromatographic 
and electrophoretic evidence). 

3'-O-B-D-Cellobtosyl-p-cellobiose (1X) 

After separation of the crystalline tetrasaccharide (VIII) a second crop of impure 
VIII was precipitated by addition of ethanol to the mother liquor. Concentration of the 
supernatant solution afforded an amorphous product (80 mg), [alp +19.8° (c, 1.6, 90% 
CH;COOH). On oxidation with lead tetraacetate —- potassium acetate followed by 
reduction and partial hydrolysis, this material was found chromatographically to account 
for the production of 2-O-8-p-laminaribiosyl-pD-erythritol (VI) from the tetrasaccharide 
fraction; a minor proportion of the cellobiosyl-erythritol (VII) was also detected. The 
material was reduced with sodium borohydride, then hydrolyzed with hot 0.33 NV 
sulphuric acid for 1 hour, yielding glucose, laminaribiose, cellobiose, and 3-O-8-p-cello- 
biosyl-p-glucose (X) (paper chromatographic and electrophoretic evidence). 


Products from the Cellulase Degradation of Oat Glucan 

4-0-8-p-Laminaribiosyl-pD-glucose (11) 

This product, which was chromatographically homogeneous, was characterized by 
conversion to the 8-undecaacetate (540 mg from 310 mg of free sugar), m.p. 120-122° C 
and [a]lp —22.7° (c, 1.5, CHCl). Calculated for C4oH5sO27: C, 49.69%; H, 5.63%; acetyl, 
48.98%. Found: C, 49.77%; H, 5.55%; acetyl, 48.73%. 

Tetrasaccharide Fraction 

The amorphous product afforded crystalline material from aqueous methanol, m.p. 
223-227° C (decomp.), indistinguishable from VIII by comparison of X-ray diffraction 
powder diagrams. Calculated for CogHqwOu: C, 43.24%; H, 6.35%. Found: C, 43.04%; 
H, 6.38%. 

In one experiment, a second crystalline modification of this tetrasaccharide was 
obtained and found to be a dihydrate of the B-anomer, m.p. 180-181° C and [a]p +7° 
(2 minutes) — +10° (constant) (c, 2, HxO). Calculated for CogH 4O2.2H2O: C, 41.02%; 
H, 6.60%. Found: C, 41.05%; H, 6.76%. By seeding, the higher-melting a-form (m.p. 
221-223° C) of the tetrasaccharide obtained from barley glucan (above) was converted 
to this lower-melting modification. 

By the degradative procedure described above the original, amorphous, tetrasaccharide 


*2-0-B-D-Cellobiosyl-p-erythritol was prepared from cellotriose by oxidation with 1.8 molar proportions of lead 
tetraacetate followed by reduction with sodium borohydride, as in the conversion of cellobiose to 2-O-B-D-gluco- 
pyranosyl-p-erythritol (14). 
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fraction was shown (chromatographically) to yield both cellobiosyl-erythritol and 
laminaribiosyl-erythritol in a ratio of 1.7 to 1 (anthrone method (26)). 


Enzymic Degradation of Oat Glucan with Laminarinase 

Oat glucan (9.3 mg) in water (1.5 ml) was incubated at 40° C with laminarinase (1, 2 
or 3 mg). At the two highest levels of enzyme concentration the copper-reducing power 
was virtually constant in 2 to 3 hours, when the apparent conversion to glucose was 
about 25%. A substantially slower reaction was observed at the substrate:enzyme ratio 
of 9:1. Examined by paper chromatography, all three digests were found to contain two 
major components which corresponded to a tri- and tetra-saccharide, respectively 
(Rg 0.47 and 0.22). Minor components detected were glucose, laminaribiose, and material 
having Rg 0.04. 

Oat glucan (1.5 g) in water (100 ml) was incubated with laminarinase (0.25 g) for 2.5 
hours. The digest was heated on the boiling-water bath for 7 minutes, filtered, and con- 
centrated. The sugar mixture was fractionated by preparative paper chromatography; 
individual components were eluted and purified with mixed ion-exchange resins. Yields 
of the products are given in Table I. 


3-O0-8-D-Cellobtosyl-p-glucose (X) 

The amorphous trisaccharide fraction was chromatographically and electrophoretically 
homogeneous, [a]p +12.1° (c, 1.7, H2O). On oxidation with lead tetraacetate in 97% 
acetic acid an uptake of 0.8 mole of oxidant per mole was found in 15-30 minutes and, 
in 90% acetic acid and in the presence of potassium acetate, the consumption of lead 
tetraacetate was 2.9 moles per moie. In both oxidations, approximately 1 mole of pentose 
(estimated colorimetrically (28)) was produced per mole of trisaccharide, the over-all 
data being consistent with presence of a 3-linked reducing end D-glucose unit. 

Acetylation of the material (225 mg). with hot acetic anhydride —sodium acetate 
yielded a B-undecaacetate (340 mg), m.p. 104-105° C and [a]p —9.7° (c, 1.6, CHCls). 
Calculated for CyoH5sO27: C, 49.69%; H, 5.63%; acetyl, 48.98%. Found: C, 49.42%; 
H, 5.69%; acetyl, 49.37%. 


2-0-B-D-Cellobiosyl-glyceritol (X11) 

Trisaccharide X (264 mg) in water (1.5 ml) was taken up in acetic acid (50 ml) and 
treated with lead tetraacetate (232 mg, 1 molecular proportion) .for 2 hours. Excess 
oxalic acid was added to precipitate the divalent lead, and the filtrate was concentrated. 
The residue in water (2 ml) was neutralized with sodium bicarbonate and the solution 
added dropwise to ice-cold sodium borohydride solution (264 mg, 12 ml). After 16 hours 
the reaction mixture was worked up, affording a solid product (227 mg), which was 
treated in 97% acetic acid (24 ml) with lead tetraacetate (424 mg, 2 molar propor- 
tions) for 16 hours. A second reduction with sodium borohydride followed, and the 
final product was crystallized from aqueous ethanol, m.p. 138-141° C and [a]p —15.6° 
(c, 2.5, HxO). The compound gave an X-ray diffraction pattern indistinguishable from 
that of an authentic sample* (27). Calculated for CisH2sOi3: C, 43.27%; H, 6.78%. 
Found: C, 43.00%; H, 6.83%. 

3-O0-8-D-Cellotriosyl-a-D-glucose (XIV) 

The tetrasaccharide fraction readily crystallized from solution in hot aqueous ethanol, 
m.p. 241-245° C (decomp.) and [a]p +11.4° (5 minutes) — +8.4° (3 hours, constant) 


*Prepared from 2-O-8-D-cellobiosyl-D-erythritol (VII) by oxidation with 1 molar proportion of lead tetra- 
acetate followed by reduction with sodium borohydride, as in the degradation of 2-O-8-D-glucopyranosyl-D-ery- 
thritol to 2-O-B-p-glucopyranosyl-glyceritol (14). 
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(c, 2.7, HO). Calculated for CogHgOn: C, 43.24%; H, 6.35%. Found: C, 43.19%; H, 
6.37%. 

Treated in 97% acetic acid with 3 molar proportions of lead tetraacetate, the tetra- 
saccharide (20 mg) consumed 0.91, 0.96, and 0.99 mole of oxidant/mole at 5, 15, and 
30 minutes, respectively, and yielded 1.0 mole of pentose/mole. Hydrolysis of the oxida- 
tion product with 0.33 N sulphuric acid at 100° C for 1 hour yielded arabinose, glucose, 
cellobiose, and cellotriose as well as two pentose-containing oligosaccharides (detected 
chromatographically). 

2-0-8-p-Cellotriosyl-glyceritol (XIII) 

Tetrasaccharide XIV (157 mg) was degraded as described above for the conversion 
of X to XI. The procedure involved, successively, oxidation with 1 molar proportion 
of lead tetraacetate, reduction with sodium borohydride, oxidation with 2 molar pro- 
portions of lead tetraacetate, and reduction with sodium borohydride. The final product 
was crystallized from aqueous ethanol (weight, 122 mg), m.p. 234-237° C; the X-ray 
powder diagram was indistinguishable from that of 2-O-8-p-cellotriosyl-glyceritol* (27), 
[aly —12.4° (c, 1.4, H,O). Calculated for CoH 3s0is: C, 43.60%; H, 6.62%. Found: C, 
43.16%; H, 6.87% (hygroscopic material). 
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STRUCTURE OF BRIDGMAN’S BLACK CARBON DISULPHIDE! 


E. WHALLEY 


ABSTRACT 


The infrared spectrum of black carbon disulphide dispersed in a potassium bromide disk 
has been examined. The blackness and the infrared spectrum are consistent with its being a 
linear polymer, —(C=S.S) ». 


1. INTRODUCTION 


Bridgman (1) found that carbon disulphide transformed slowly to a black solid at 
pressures of about 45 kilobars and temperatures over 175° C. When heated to about 
200° C at normal pressure it decomposed to carbon and sulphur. It was denser than 
either graphite or sulphur, and it gave a broad, diffuse X-ray diffraction pattern. He 
suggested that the structure might be similar to that of silicon dioxide, i.e. a three- 
dimensional network of carbon and sulphur atoms linked by single bonds. It is difficult 
to see how a substance with this structure would be black. The blackness of black carbon 
disulphide demands a highly polarizable system, probably a conjugated one. The simplest 
that can be envisaged is a linear structure with the unit 


repeated indefinitely. The group 


Ss 
\ 


Cc 
FS 
= 


is a strong chromophore (2, 3) and thiophene is an aromatic compound, so it seems 
very likely that the C—S—C group can conjugate with the C=S group. It is difficult 
to imagine any other structure which is conjugated and in which the atoms are not 
formally charged. 

In order to test this structure, we have investigated the infrared spectrum of black 
carbon disulphide. 


2. EXPERIMENTS AND RESULTS 


A small amount of black carbon disulphide was made by subjecting carbon disulphide 
to a pressure of about 55 kilobars at 185°C in a simple squeezer (4). About 0.1 to 
0.2 mg were incorporated into a disk with 400 mg of potassium bromide; more than this 
amount in the disk caused too much scattering. The spectra were recorded with a Perkin— 
Elmer Model 21 double-beam infrared spectrophotometer with a sodium chloride prism 
and with a Beckman IR-4 double-beam spectrophotometer with a cesium bromide 
prism. Many of the absorption bands observed were very weak and so a 10-times scale 
expansion was used, and the transmission of a disk containing the sample was divided 


1Manuscript received July 8, 1960. 
Contribution from the Division of Applied Chemistry, National Research Council, Ottawa, Canada. 
Issued as N.R.C. No. 5946. 
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point by point by the transmission of a disk containing only potassium bromide. Cali- 
bration was conveniently done on the 10-times scale by using incompletely compensated 
atmosphere bands. The spectrum is shown in Fig. 1. A strong band of variable relative 
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Fic. 1. Infrared spectrum of black carbon disulphide dispersed in a potassium bromide disk. 


intensity was always present at 1502+~5cm™. It could be removed by prolonged 
evacuation and gentle warming either before or after making the potassium bromide 
pellet, and it is attributed to unchanged carbon disulphide. The small shift from the vapor 
frequency, which is 1522 cm, indicates that the carbon disulphide is not very strongly 
attached to the black carbon disulphide. The difficulty of removing it is therefore probably 
due to slow diffusion through the black carbon disulphide. The other bands were of 
constant relative intensity, and are listed in Table I. 


TABLE I 
Infrared bands of black carbon disulphide 








Frequency Rough relative 
cm intensity Assignment 

1286+ ~5 w O—H bending, end group? 
1250+ ~5 w ) C—O stretching, end group, 
1220+~5 w and bands due to imper- 
1144+~5 w fections in the chain? 
1063+ ~5 vs C=S stretching 

870+~10 vw } C—S stretching 

806+ ~5 m 





In order to avoid confusion with graphite, the spectrum of graphite was recorded in 
a similar manner; no bands were observed. The spectrum is discussed in another 
publication. 


3. DISCUSSION 


If black carbon disulphide has the structure suggested here then it should show a 
C=S stretching band. It is well established that compounds that contain the group 


~~ 


such as the trithiocarbonates (5, 6, 7), have a strong infrared band near 1060 cm-! 
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which is due to the C=S stretching vibration. The strong band in the spectrum of 
black carbon disulphide at 1063 cm=! is very strong evidence for the presence of this 
group, in agreement with our expectation. The decrease of frequency of the C=S 
stretching vibration from its value of about 1220 cm in compounds (7) with the group 


a. ee 
PP mes 


is consistent with a decrease of force constant due to conjugation with the singly bonded 
sulphur atoms. 

If the chain of black carbon disulphide is mainly planar, as it probably is in order 
to facilitate conjugation, the repeating unit is 


I 
= 
4\/ 
S 


In an isolated chain, the only infrared-active vibrations are those that are in phase in 
each repeating unit, and so the factor group of the line group that describes the symmetry 
of the chain is appropriate for analyzing the spectrum. There are two parallel reflection 
planes, one through the S=C group and one through the singly bonded S atom, both 
perpendicular to the plane of the chain, and a reflection plane in the plane of the chain. 
There are, of course, twofold axes at the junctions of the planes. The corresponding 
point group is therefore C2,. There are three atoms in the repeating unit and so there 
are (3X3—4) = 5 fundamental vibrations that are potentially active. These can be 
described approximately as a C=S stretching vibration of species a;, two C—S stretching 
vibrations of species a, and 6;, an S—C==S in-plane bending vibration of species b;, and 
an S—C=S out-of-plane bending vibration of species 6». All are active in infrared 
absorption. 

It is likely that the medium band at 806 cm! is due to one of the C—S stretching 
vibrations, and perhaps the very weak band at 870 cm™ is due to the other..There is 
almost no published information about similar vibrations in simple molecules. The only 
relevant spectra the author knows of is that of ethylene trithiocarbonate 


which was deposited with the Chemical Society by Haszeldine and Kidd (5). There 
is a moderate band at about 870 cm which may correspond to the C—S stretching 
vibration. The stretching frequency of an unconjugated C—S bond is usually between 
700 and 600 cm according to Bellamy (8), but conjugation with C=S will probably 
increase the force constant and so increase the frequency. Our assignment of the 806-cm— 
and perhaps the 870-cm— band to the C—S vibrations seems therefore to be reasonable. 
The bending vibrations are probably of lower frequency, and are probably weak. They 
are not observed. 

The remaining bands, which are all very weak, cannot be certainly assigned, but 
plausible guesses can be made. Although it is possible that the chains end in free radicals, 
as presumably sometimes occurs with the sheets of graphite, it is also possible that 
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chemically saturated end groups are present. A possible complete structure is 


vol bs) 


the end groups being derived from a molecule of water, in a similar manner to the poly- 
aldehydes (9). The 1286-cm~ band is perhaps an OH deformation and one of the bands 
at somewhat lower frequency (1144 cm~!?) is perhaps a C—O stretching vibration. No 
OH stretching band was observed, though this is not surprising in view of the greater 
scattering in this region and the presence of adsorbed water. Some of the other bands 
could be due to imperfections in the chain such as a —C—S— group the wrong way 
round, but because there are few published spectra of model simple compounds detailed 
speculation is fruitless. 





The author is indebted to Mr. A. Lavergne for help with the high-pressure experiments 
and to Mr. R. Ironside for taking the infrared spectra. 
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IONIZATION OF ORGANIC COMPOUNDS IN ACID 
I. ALIPHATIC KETONES! 


H. J. CAMPBELL? AND J. T. EDWARD 


ABSTRACT 


The changes in the ultraviolet absorption spectra of aliphatic ketones in aqueous sulphuric 
acid have been followed as the acid strength is increased from 0 to 98%. With increase in 
strength up to 65% the weak peak at about 270 my is shifted to shorter wavelengths by a 
medium effect. However, with further increase in acid strength the peak disappears altogether 
because of protonation of the carbonyl group. The pKsx* values of several ketones have 
been calculated from the spectrophotometric results to be about —7. The pXgx* values 
of cyclic ketones vary systematically with ring size. The significance of the present work to 
recent studies on the rate of enolization of acetone is discussed. 


INTRODUCTION 


In absolute sulphuric acid, aliphatic and aromatic ketones (B) are essentially com- 
pletely protonated to form the conjugate acid (BH*) (1). The extent of protonation of 
the ketone in a less concentrated acid solution may be determined by the ultraviolet 
absorption at a given wavelength, according to the equation 


(1} [B]/[BH*] = (esu*—«)/(e—€n) 


where €g, €pu*, and € are the molecular extinction coefficients of the unprotonated ketone, 
the protonated ketone, and the ketone in the test solution, and the quantities in brackets 
represent concentrations (2, 3). From the variation of [B]/[BH*] with the acidity function 
Hy (4, 5) of the acid solvent, the protonation constant (pKgxy+) of BH*, defined by 


[2] pKput = Ho—log [B]/[BH*], 


may be determined. For acetophenone Hammett (2) found a pKgy+ of —6.03, recalcu- 
lated as —6.15 by use of a corrected acidity function scale (5). This value was confirmed 
recently by Stewart and Yates (6). 

By analogy with the behavior of other aliphatic and aromatic oxygen bases, e.g. 
benzoic acid (pKgax+ = —7.38) and acetic acid (pKgax+ = —6.2 (5)), the pKgyt values 
of aliphatic ketones would also be expected to be about —6. This view finds support 
in measurements of the relative basicities of various ketones from their effect on the 
rate of the acid-catalyzed etherification of benzhydrol in refluxing benzene (7), which 
indicated cyclopentanone, cyclohexanone, and diethyl ketone to have about the same 
basicity as p-methylacetophenone (pKgy+ = —5.47 (6)). Furthermore, Lemaire and 
Lucas (8) observed no measurable protonation of acetone, acetophenone, and benzo- 
phenone by small concentrations of perchloric acid in acetic acid, and concluded that 
these compounds must have pKgxut values below —4.5. On the other hand, Nagakura, 
Minegishi, and Stanfield (9) recently reported a spectrophotometric determination of a 
pKpuat of —1.58 for acetone. This unexpectedly high basicity has prompted our re- 
investigation by spectrophotometry of the ionization of acetone and other aliphatic 
ketones. We have found that protonation of the ketones occurs only in much more 
concentrated acids than those investigated by Nagakura ef al., and that in fact most 
aliphatic ketones have pKgy+ values of about —7. 


1 Manuscript received in original form March 28, 1960, and, as revised, August 2, 1960. 
Contribution from the Department of Chemistry, McGill University, Montreal 2, Que. 
*Holder of C.I.L. Scholarship, 1959-60. 
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EXPERIMENTAL 


Materials 

Chemically pure acetone and methyl ethyl ketone were purified by treatment with 
potassium permanganate according to Vogel (10), followed by fractionation through a 
25 X1cm vacuum-jacketed column packed with glass helices, the middle fraction being 
taken. Cyclobutanone (Aldrich Chemical Co.) was distilled, and the middle fraction, 
b.p. 98-99° C at 759 mm, was used. Methyl isopropyl ketone, methyl t-butyl ketone, 
cyclopentanone, cyclohexanone, cycloheptanone (Aldrich), and cyclooctanone (Aldrich) 
were purified via their semicarbazones (11), which were recrystallized to constant melting 
point and then decomposed with 10% sulphuric acid. The ketones were removed by 
steam distillation, dried over magnesium sulphate, and then distilled as above. 

The acid solutions were obtained by dilution of Nichols C.P. Reagent sulphuric acid 
(95.5-96.5%) and Baker and Adamson Reagent perchloric acid (70-72%), and the con- 
centrations determined by titration with standard alkali. Sulphuric acid (98%) was 
prepared by adding 30% fuming sulphuric acid (Baker and Adamson Reagent) to 96% 
sulphuric acid. The corresponding Ho values were read from large scale plots of Ho against 
acid concentration, constructed from the data of Paul and Long (5). 


Apparatus 

Most measurements were made with a Beckmann Model DU spectrophotometer using 
quartz cells of 1 cm light path. The cell compartment was maintained at 25+0.1° C by 
thermospacers. With this instrument measurements could be taken down to a wavelength 
of about 220 mu. For a few measurements down to wavelengths of about 185 my, a 
Unicam SP 500 spectrophotometer was used. There was no temperature control in the 
cell compartment of this instrument; the temperatures of the solutions in these cases 
were about 22+3° C. 


Procedure 

Solutions were made up by weighing the ketone (10-20 mg) directly into a 10-ml 
volumetric flask containing about 2 ml of the acid solution to be used as solvent, and 
swirling to mix the solution. In this manner weighing errors due to evaporation of the 
ketone were reduced. The solutions were made up to volume, mixed, and their extinction 
coefficients at various wavelengths measured. A solvent blank of acid of the same con- 
centration as that containing the ketone was used. 


RESULTS AND DISCUSSION 


A selection of curves for the absorption above 220 mu of acetone (Figs. 1A and 1B) 
and of cyclohexanone (Figs. 1C and 1D) in various strengths of sulphuric acid is shown. 
The family of curves over this range of wavelengths for methyl ethyl ketone in 0 to 
65.3% acid resembled that of acetone; those for the other ketones resembled more that 
of cyclohexanone. The positions of the long wavelength peaks in water and in 65.3% 
sulphuric acid are given in Table I. The spectra of solutions of acetone in 0-66.6% 
perchloric acid varied with acid concentration in a fashion similar to that shown in 
Fig. 1A for solutions in sulphuric acid. 


Extent of Condensation Reactions in Strong Acid Solution 

Acetone in 96% sulphuric acid, when in fairly high concentration, is converted to 
mesityl oxide, phorone, and other compounds having strong ultraviolet absorption (9). 
However, it is believed that following the experimental procedure given above such 
condensation reactions are almost negligible, because of the great dilution almost 
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TABLE I 


Wavelengths (in my) of peaks for » — x* transitions of ketones in 
different media 





Ultraviolet absorption curves of ketones in sulphuric acid solutions. 
(A) Acetone in dilute acid: 0, 24.0, 41.7, 50.7, 58.8, and 65.3% H2SO, reading from right to 


(B) Acetone in concentrated acid: 65.3, 74.1, 80.0, 84.7, 89.2, and 98.2% H:SO, respectively. 
(C) Cyclohexanone in dilute acid: 0, 32. 2, 44. 9, 57. 2, and 65. '3% H2SO, respectively. 
(D) Cyclohexanone in concentrated acid: 65.3, 72.2, 76.3, 81.3, 87.0, and 98.6% H:SO, 











In inert In 65.3% 

Ketone solvent In water H2SO, 
Acetone 2772 266 250 
Methy] ethyl ketone 278° 268 254 
Methyl isopropy] ketone 285° 275 259 
Methy] ¢-buty! ketone 288° 278 262 
Cyclobutanone 2804 274 255 
Cyclopentanone 300,¢ 299,4 295° 281 261 
Cyclohexanone 285,4 288° 277 262 
Cycloheptanone 281¢ 278 259 
Cyclooctanone 290° 277 (<260)/ 





“In cyclohexane, ref. 21. °In ethylene dichloride, ref. 22. “In cyclohexane. “In hexane, 
ref. 11. “In hexane, ref. 23./Submerged by edge of much more intense peak at ca. 185 mz 


due to x — x* transition. 


instantaneously achieved by the ketone in the acid solutions. (The importance of the 
dilution effect has been emphasized by Grace and Symons (12).) Thus, when a solution 
of acetone in 98% sulphuric acid was diluted to give an acid concentration of 50%, the 
spectrum was practically identical with that of a solution prepared directly from 50% 
acid; the latter preparation would almost certainly be free from condensation products. 
However, it seems likely that the small peak found at about 280 my for solutions of 
acetone, methyl ethyl ketone, and cyclooctanone in the stronger acid solutions (see 
Fig. 1B for acetone) comes from condensation products. Mesityl oxide in concentrated 
sulphuric acid has Amex at 284 my (9); the condensation to mesityl oxide of 0.03% of the 
acetone dissolved in 98.2% sulphuric acid would suffice to give the molecular extinction 
coefficient observed by us (Fig. 1B) at 284 mu. This portion of the spectrum, further- 
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more, was found to have an optical density which increased very slowly with time; 
however, the portion from 220-260 my, which furnished the values of the extinction 
coefficient for the calculations mentioned below, did not change with time. 

While we may conclude that the spectra obtained in the present instance are sub- 
stantially those of the ketones themselves and not of condensation products, the reverse 
has been true for the spectra previously reported for aliphatic ketones in concentrated 
acid solution (13). 

Gillespie, Hughes, and Ingold (14), in cryoscopic studies of very dilute solutions of 
acetone in absolute sulphuric acid, assumed that no destruction of the ketone was taking 
place, although the condensation of two molecules of acetone to form one molecule of 
mesityl oxide and one molecule of water would have led to no change in the cryoscopic 
behavior of the solution. However, the present work shows their assumption to have 
been justified. 


Effect of Acid Strength on the n — x* Transition of Ketones 

The weak, long wavelength absorption of aliphatic ketones is ascribed to the excitation 
of an electron from a non-bonding () orbital of the oxvgen to an antibonding (z*) orbital 
of the carbonyl group (15). The absorption peak is shifted to shorter wavelengths (a ‘“‘blue 
shift’’) with increasing polarity of the solvent, because of the preferential stabilization of 
the ground state of the carbonyl group by dipole-dipole interactions or by hydrogen- 
bonding with a solvent molecule (16, 17, 18, 19, 20). This effect accounts for the different 
wavelengths of the absorption peaks of the ketones in hydrocarbon or other inert solvents 
and in water (Table I). 

It has long been known that the 265 my peak of acetone in water undergoes a further 
blue shift to 261 my in 5 M aqueous calcium chloride (24); we have found the peak also 
at 261 my in 15 M lithium bromide. In these concentrations of electrolyte a fair pro- 
portion of the water is bound in the primary or secondary hydration shells of the cations 
(25). The polarization of these water molecules, induced by the charge of the cation, 
should increase the strengths of the hydrogen bonds to the carbonyl oxygen (26). The 
progressive blue shifts produced by increasing hydronium ion concentration in going 
from 0 to 65.3% sulphuric acid (Table I and Figs. 1A and 1C) and from 0 to 66.6% 
perchloric acid are also best explained by a progressive increase in the strength of the 
hydrogen-bonding of solvent molecules to ketone. In dilute aqueous solution the hydro- 
nium ion exists as the relatively stable ion H+.4H,.O (1) (27, 28). However, in 65.3% 
sulphuric acid only 3 moles of water are present for each mole of acid, so that it is 
possible that in this strength of acid the ketone molecules are for the most part associated 
directly with hydronium ions as pictured in (II). 
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Nagakura, Minegishi, and Stanfield (9) have interpreted the blue shifts of acetone 
with increasing acid concentration as due to protonation of the ketone. However, their 
arguments for this interpretation are unsound for the following reasons: 

1. They claim that a simple equilibrium between two species of molecules is shown 
by the presence of an isobestic point in the family of absorption curves. However, only 
the curves for acetone (Fig. 1A) and methyl ethyl ketone show an approximation to 
an isobestic point (cf. Fig. 1C). 

2. They point out that the pkg (= —pKgg*+) values for acetone calculated from 
extinction coefficients at various wavelengths, and on both sides of the isobestic point, 
are approximately constant, varying from 1.39 to 1.72. However, they restricted their 
attention to solutions having Hy = —2.32 or more. Over this limited range of acidities 
the absorption of acetone and methyl ethyl ketone (but not of the other ketones) does 
indeed change with Hp according to equations 1 and 2. However, this correspondence 





of experimental results with those expected for a pKgxy+ = —1.58 for acetone is limited 
to the region above Hy) = —2.3, and is not found if one takes account of the absorption 
in more acidic solutions of Hp) = —3 to —5. 


It seems more reasonable to associate protonation of the ketone with the disappearance 
of the long wavelength peak (16) as the sulphuric acid concentration is increased from 
65% to 98% (Figs. 1B and 1D), a region of acid concentrations not investigated by 
Nagakura et al. This explanation is confirmed by the fact that in this region of acid 
concentrations the changes in absorption for all ketones-follow approximately the changes 
in acidity function according to equations 1 and 2. This is shown in Figs. 2A and 2B 
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Fic. 2. (A) Ionization of acetone in H2SO,. Theoretical curve for equations 1 and 2, with pKgn*+ = —7.2. 
(B) Ionization of cyclohexanone in H2SO,. Theoretical curve for pKsax*+ = —6.8. 


for acetone and cyclohexanone, in which the molecular absorption coefficients at 250 mu 
and 265 muy, respectively, have been plotted against the values of the acidity function 
of the solutions. The experimental values fit reasonably well with the theoretical curve 
calculated from equations 1 and 2, using the values of eg and e€gy+ recorded in Table II. 
Plots of € at other wavelengths against Hp indicated slightly different pK gy+ values. Those 
for acetone (wavelengths given) were: —7.4 (245 my), —7.3 (248 mu), —7.1 (252 my), 
—7.0 (255 mu). However, the fit of the experimental points to the theoretical curve was 
less satisfactory than that found taking ¢ at 250 mu. It was assumed that these deviations 
were caused by the medium effect (2), and the wavelength chosen (A, Table II) was 
that which afforded the best fit of experimental points to the theoretical curve. However 
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TABLE II 
Basicities of ketones 











Ketone d (my) €B €BH* —pXKput 
Acetone 250 18.2 1.2 7.2 
Methyl ethyl ketone 250 21.8 0.9 ee 
Methyl isopropyl ketone 260 34.0 3.2 14 
Methyl ¢-butyl ketone ~ 2 36.5 1.8 ak 
Cyclobutanone 260 33.0 3.0 9.5 
Cyclopentanone 260 24.8 1.8 7.5 
Cyclohexanone 265 25.4 1.8 6.8 
Cycloheptanone 265 32.3 3.8 6.6 
Cyclooctanone 270 24.5 6.4 6.2 





it seems likely that because of the uncertainty in allowing for the medium effect the 
precision of the pAgy+ values cannot be better than about +0.2 unit. These values, 
listed in Table II, were all obtained by this graphical method. Graphical analysis of the 
absorption results by the slightly different method of Davis and Geissman (29) gave 
substantially the same pAgy+ values. 

It is apparent that unstrained cyclic and acyclic ketones all have pKgy+ values of 
about —7. Contrary to the evidence of Pratt and Matsuda (7), the basicities of cyclo- 
pentanone and cyclohexanone differ considerably from that of p-methylacetophenone; 
however, it is not to be expected that exactly the same order of basicities will be shown 
in aqueous acids and in benzene. 

In the series acetone, methyl ethyl ketone, methyl isopropyl ketone, and methyl 
t-butyl ketone, it is probable that the tendency for basicity to be increased by the 
inductive effect of an increasing number of alkyl groups on the a-carbon atom is offset 
by the effect of these groups in restricting the stabilization of the protonated ketone by 
solvation (30). The increase in basicity with ring size on going from cyclobutanone to 
cyclooctanone agrees with recent findings that the strengths of hydrogen bonds between 
these ketones and methanol or chloroform increase in the same order (31). These changes 
in basicity parallel changes in the infrared stretching frequency of the carbonyl group, as 
shown in Fig. 3. A similar change has been noted in both basicity and infrared frequency 
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Fic. 3. Change of infrared stretching frequency (A) and pXpa+ (O) with number of carbon atoms 
(nm) in cyclic ketones. 
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of the carbonyl group of benzlactams with increasing ring size (32), while Stewart and Yates 
(6) have shown a linear relationship between the basicity and carbonyl frequency of 
meta- and para-substituted acetophenones. 

The simple aliphatic ketones of Table II are much weaker bases than enolized {-di- 
ketones such as 5,5-dimethylcyclohexane-1,3-dione (pKg_y+ —0.8) and acetylacetone 
(pKgut —3.7) (33); this is to be expected because of the resonance stabilization of the 
protonated forms of the latter compounds (e.g., V). 


+ 
/Ou y OH 
SN oe ES 
NOH Nou 
Va Vb 


Effect of Acid on the x — x* Transition of Aliphatic Ketones 

Besides the  — x* transition, ketones show a more intense absorption at shorter 
wavelengths due to a 7 — * transition. In the case of a,8-unsaturated ketones the change 
from an inert solvent to a hydrogen-bonding (17, 24, 34) or protonating solvent (9) 
causes a red shift in this peak, but acetone shows a blue shift on changing the solvent 
from isooctane (Amax 187.6 mu (34)) to water (34, 35). It has been claimed that this 
differing behavior is to be expected for two-center- (36) and four-center (9) 7 — x* 
transitions. However, the 7 — * peak for cyclohexanone showed a red shift on proton- 
ation (Table III). Unfortunately, with the spectrophotometers available it was not 














TABLE III 
Molecular extinction coefficients at 190 my of ketones in various 
solvents 
Solvent 

Ketone Cyclohexane Water 65% H2SO, 96% H2SO, 
Acetone 10602 148 34 340 
Cyclohexanone 440 800 1540 2520° 
Cyclooctanone 2900 1360 2400 3610 





“At 194 mp. °Amaxy ~ 192 my (flat peak); «max = 2520. 


possible to measure the absorption at low enough wavelengths to define this peak for 
the protonated forms of acetone and cyclooctanone. However, it seems likely, from the 
change in extinction coefficient at 190 my (Table III) that it undergoes a red shift on 
protonation in these cases also. The results in Table III indicate that the spectra of the 
non-protonated ketones vary with the solvent in an irregular fashion. 


The Basicity and Rate of Enolization of Acetone 

The enolization of ketones is known to involve the participation of one or more water 
molecules in addition to the protonated ketone molecule in the rate-determining step 
(37). However, Archer and Bell (38) recently showed that if a pKgy+ of —1.58 were 
accepted for acetone, then its rate of enolization in 1-8 M hydrochloric acid is approxi- 
mately proportional to the fraction of the compound protonated. According to the 
Hammett—Zucker hypothesis (39, 40), this would indicate that the reaction does not 
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involve a water molecule in rate-determining step, and hence the results were inter- 
preted as a disproof of the hypothesis. However, it seems likely that Archer and Bell’s 
correlation is fortuitous because of the limited range of acid concentrations investigated 
by them. In fact, accepting a pKgx+ of —7.2, a better correlation of their enolization 
rates with changing acidity is obtained by plotting log ky+Ho, where ky is the experi- 
mental first-order rate constant based on the concentration of acetone, against log dy,0, 
where @y,0 is the activity of the water in the various concentrations of hydrochloric 
acid. The points fit closely to a straight line of slope 3.7. Bunnett (41) has recently 
shown that such a relation is more general than the Hammett—Zucker relations, and 
that the slope of the curve defines a hydration parameter w for the reaction, which is 
related to the number of water molecules in the transition state of the rate-determining 
step. 
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THE USE OF THE HELLMANN-FEYNMAN THEOREM .TO CALCULATE 
MOLECULAR ENERGIES! 


RICHARD F. W. BADER 


ABSTRACT 


The Hellmann—Feynman theorem has been employed to calculate the repulsion between 
two helium atoms and the molecular energies of Hz and H3. The method of molecular orbitals 
was used to determine the necessary expressions for the electron densities. The screening 

constants of the atomic orbitals comprising the molecular orbitals were treated as functions 

of the internuclear separation according to an empirical expression which duplicates very 
closely the ‘“‘best” values for these parameters as determined by the variational method. The 
results of the calculations indicate that the present method is capable of yielding estimates 
of molecular energies which are comparable to those obtained by the more elaborate and 
time-consuming variational methods. 


I. THE ELECTROSTATIC METHOD OF CALCULATING MOLECULAR ENERGIES 


The Hellmann—Feynman theorem states that the x-component of the force acting 
on the ath nucleus, considered as occupying some fixed position in a molecule, is 


2 
[1] Pig Em _ Zali) _ f sGagdt 


OXa (4a) Tap 


where Z, is the nuclear charge of nucleus a, 723 an internuclear separation, p is the electron 
density at the point (x, y,z), and ©, is the electric field produced by the ath nucleus 
in the x-direction at the position of the 7th electron (1). Equation [1] states that the 
force F,, acting on a nucleus in any system of nuclei and electrons is simply the sum 
of the classical electrostatic forces due to the other nuclei and to the electron charge 
distribution. Thus, once the electronic charge density p(x, y, z) has been determined by 
the methods of quantum mechanics, the forces acting on the nuclei are interpretable 
entirely in terms of classical electrostatics. The wave function for a molecule containing 
n electrons is a function of 3” space co-ordinates. However, due to the equivalence of 
all the electrons in a molecule, the electron density at any point is a three-dimensional 
quantity of physical significance. Because of this the formulation given by equation [1] 
of the forces which bind a molecule together is conceptually — than the more 
usual discussion in terms of the energies involved. 

Hurley, in a series of papers (2, 3, 4, 5), has given a cinaitiedion of the Hellmann- 
Feynman theorem together with a very thorough comparison of the electrostatic method 
of calculating molecular energies with the more usual method employing the Ritz varia- 
tional procedure. Hurley has shown that if the exact wave function is used in equation 
[1] then the forces acting on the nucleus as calculated by the electrostatic method will 
agree precisely with those calculated from the results obtained by the variational pro- 
cedure. However, when an approximation is made to the wave function, either in 
terms of molecular orbitals or Heitler-—London functions, the two methods will not 
necessarily agree. Hurley has examined this question and has shown that when all of 
the variable parameters in the wave function, excluding the scale factor (the orbital 
exponent in hydrogen-like atomic orbitals), are determined by the variational procedure, 
the electrostatic and the conventional methods will lead to identical results. Variation 
of the scale factor as well insures that the results will be consistent with the virial theorem. 

‘Manuscript received July 5, 1960. 
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Although not always thought of as such, the internuclear distance is a variable parameter 
in a valence bond or molecular orbital wave function. Thus to insure agreement between 
the electrostatic and the variational methods it is necessary to employ so-called floating 
wave functions. These are wave functions which allow for the possibility of the electron 
charge detaching itself from the nucleus and taking up an optimum position along the 
internuclear axis, thus in effect making the internuclear separation a parameter to be 
varied in terms of the electronic co-ordinates. 

There is no reason a priori to prefer the variational method to the electrostatic method 
in the calculation of molecular energies. One is forced to employ approximate wave 
functions in both methods and the ultimate test is the agreement with experiment. Thus 
there is no need to employ floating wave functions in electrostatic calculations in order 
to insure that the results of such a calculation will agree with those obtained from the 
conventional method.* In fact it is well known that a wave function based on the molecular 
orbital approximation leads to incorrect results at large internuclear distances when this 
wave function is employed in a variational type of calculation. If this same simple 
molecular orbital formulation is used to approximate the electron density for use in 
equation [1] this difficulty does not arise as the function leads to the correct expression 
for the electron density at infinite internuclear separation. Thus to employ a floating 
wave function in an electrostatic calculation would but reintroduce the errors of the 
conventional method when molecular orbitals were employed. 

Hurley (2) has employed the simple molecular orbital approximation in the electro- 
static calculations for the hydrogen molecule and for the repulsion between two helium 
atoms. The agreement of these calculations with the experimental results was fair. The 
great merit of the electrostatic calculations lies in their great simplicity and the ease 
with which they may be carried out. It would be of great value, therefore, if they could 
be improved to the point where the accuracy of their results would justify their appli- 
cation to systems which at present are too complicated by the conventional methods. 
Such calculations would also be very useful for rapid estimates of the properties of 
transition-state molecules with reference to absolute rate theory and isotope effects. 

It is the purpose of the present investigation to show that an improvement may be 
obtained in the calculation of molecular energies by the electrostatic method by employing 
molecular orbitals in which certain of the parameters are adjusted empirically so as to 
give a wave function which approximates very closely the one obtained by a variational 
calculation. The great beauty of the variational method whereby parameters may be 
varied to minimize the energy is of course not found in the electrostatic method. Instead 
some means must be devised to adjust the parameters in the wave function empirically. 
The most suitable parameters to vary in a simple molecular orbital function are the 
orbital exponents or screening constants. This is the procedure that has been adopted 
in the present calculations. 

The expression for the electron density to be substituted into equation [1] was deter- 
mined by the methods of molecular orbitals. The molecular orbitals were taken as linear 
combinations of Slater atomic orbitals. The screening constant Z(R) in the atomic 
orbitals is treated as a parameter, a function of the internuclear separation, R. The 
empirical rule used to govern the variation of Z(R) with R is 


[2] Z(R) = Z,—AZe-® 


*Shull and Ebbing (19) have in fact shown that much of the previously published numerical work involving 
floating wave functions is in error, and that very little improvement in energy results from allowing the orbitals to 
float. 
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where R is expressed in atomic units (a.u.). Z, is the value of the screening constant for 
the separated atoms (when R equals infinity) and AZ = Z,—Z,, Z, being the screening 
constant for the united atom (when R equals zero). It is well known from variational 
calculations that the value of Z(R) varies in a smooth fashion from the value for the 
separated atoms to that for the united atom. Equation [2] reproduces the values obtained 
for Z(R) by the variational method in a very striking fashion. The merits of this function 
have been previously discussed by Musulin (6). 


II. AN ELECTROSTATIC CALCULATION OF THE ENERGY OF THE HYDROGEN 
MOLECULE 
The hydrogen molecule correlates with the 4S state of the helium atom. Thus for 
this calculation Z, = 1, Z, = 2, and the expression for Z(R) becomes 


Z(R) = 1+e-*. 


If we let the atomic orbital centered on nucleus a be represented by ¢. and that on 
nucleus 8 by ¢g then the electron density for the hydrogen molecule, as given by the 
molecular orbital theory, is 


[3] p = (1+s)7"(¢2+ ¢5+2¢a¢s) 


where s is the overlap integral between ¢, and $s. When this expression for the electron 
density is substituted into equation [1] the following expression is obtained for the 
force in atomic units acting on nucleus a in the line of the nuclei which is taken as the 
x-axis, 


i Faz = Jaq (1-5) "U2 91005 Oa/12,) +2 buds |008 Bat/t2:)] 


where 6; and 7a; are the polar co-ordinates of the ith electron with origin at nucleus a. 
All of the integrals occurring in equation [4] have been evaluated analytically by 
Coulson (7). Equation [4] together with equation [3] allows one to calculate the force 
acting on nucleus a for any value of R. The results of the calculation are shown in Fig. 1 
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Fic. 1. Experimental (lowest curve at 2 a.u.) and calculated force curves for He. 
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together with the experimental curve obtained from the derivative of the Morse potential 
for the hydrogen molecule. It is seen that the force predicted by equation [4] is too 
large at large distances and not quite large enough at shorter distances. The agreement, 
however, is very good and represents a substantial improvement over the earlier electro- 
static calculations and over the variational method. The energy of the hydrogen molecule 
as obtained from an integration of the calculated curve together with the equilibrium 
internuclear distance is compared in Table I with the experimental values and with 
those obtained by other methods as indicated. 











TABLE I 
Present calc. Hurley (2) Simple M.O. (8) Expt. (9) 
Binding energy (in a.u.) 0.158 0.136 0.098 0.174 
R. (in a.u.) 1.56 1.8 1.6 1.4 





Ill. AN ELECTROSTATIC CALCULATION OF THE REPULSION BETWEEN TWO 
HELIUM ATOMS 

The approach of two normal helium atoms results in the molecular state (¢,ls)? 
(o,1s)? '0*. For very small internuclear separations this state will correlate with the 
lso*2po? 'D’* state, which in the limit of the united atom reverts to the 1s°2p? electronic 
configuration of the beryllium atom. However, the splitting of a beryllium atom with 
a 1s°2s? electronic configuration will also give rise to a ')’* molecular state, which for 
small internuclear separations must lie lower than the state resulting from the 1s°2p? 
configuration (9). This second '}’* state correlates with two separated helium atoms 
in 8S states and thus for large internuclear separations it must possess a higher energy 
than the state resulting from the configuration (¢,1s)? (¢,1s)?. It is evident from these 
considerations that for large separations the molecular orbitals of the Hee system are best 
considered as o,ls and o,ls while for very close approach of the two nuclei the system 
is more faithfully represented by an electronic configuration of the form (¢,1s)? (¢,2s)?. 

Buckingham (20) and Wu (10) have pointed out that all of the quantum mechanical 
calculations performed so far for the Hez system have used an upper molecular orbital 
of o, character. This, they feel, explains why all such calculations have been in serious 
error for small values of R. Much better results should be obtained if instead one employed 
an orbital with more o,2s character for small internuclear separations. 

We have employed two wave functions in the electrostatic calculations for the Hee 
system. The first is similar to that employed by Huzinaga (11) in the best variational 
treatment so far performed for Hee. It is derived from the electronic configuration 
(a,ls)? (o,1s)*. The second was used in calculations for very small values of R and thus 
employed the o,2s orbital in place of the o,1s orbital. 

In this case it is necessary to employ two screening constants, one for the a, orbital 
and one for the o, orbital. The value of Z, for the o, orbital is 1.70, the value of the 
screening constant for the helium atom. The screening constant for the united atom is 
taken equal to 4.00, the nuclear charge for the beryllium atom.* The expression for the 
screening constant for the o, orbital, Z(R), is 


Z(R), = 1.70+2.30¢-. 


*The presence of the second electron in the orbital is not taken into account in determining the screening constant 
for the united atom. Thus Z, in the case of Hz was taken as 2.00, not as 1.70, and for the helium atoms, Z,, is 
given a value of 4.00, not 3.70. This procedure is followed simply because the values so obtained for the energies 
are in better agreement with the experimental ones and Z(R) 1s in any event an empirical parameter. 
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The screening constant for the o, orbital goes to the same limit for infinite internuclear 
separation as it does for the g, orbital, i.e., 1.70. However, the united atom limit for 
the o, orbital is a 2p atomic orbital of a beryllium atom, screened by two Is electrons. 
Thus Z, = 2.30/2. (The result is divided by 2, the principal quantum number, as 
required by the Slater recipe.) The screening constant for the o, orbital, Z(R),, is 


Z(R)y = 1.70—0.55e-*. 


There are thus two atomic orbital functions necessary for each helium atom. They are 
of the form 


bay = (Z(R);/4)"” exp(—Z(R) ra), 
ba, = (Z(R)z/7)*” exp(—Z(R)ura)- 


The wave function for a system of two helium atoms is 
w= (417? DE (-1)"Pog(1)04(2)ou(3)ou(4)oe(1)B(2)ae(3) 8 (4) 


where o, and o, are the orthonormal molecular orbitals 


o, = (2+2s,) "(bag t O59); oy = (2—Qsy)~*?( bau— 5u) 


and‘s, and s, are the appropriate overlap integrals. The electron density resulting from 
this wave function is ; 


p= (1 +55) "(dag+ 3) +2 bay 59) +(1 —su)"(baut b3u— 2 ban bsu) 


and thus the force exerted on nucleus @ along the line of approach of the two atoms is 


[5] Fuz(R) = As 2(1+5,) Uses cos Ba /121)+2( bay d8o| cos Bars /Ya i)] 


—2(1—su) "I b5uPau|COs Oa :/Tai)— 2( bauiu|COS Oa:/721)] 


where the symbols have the same significance as previously. Again, as in the case of 
the hydrogen molecule, only one- and two-center one-electron integrals arise which are 
easily evaluated. The results of the calculation are shown in Fig. 2 together with the 
best variational calculation that has so far been performed (11) and the experimental 
results of Amdur and Harkness (12). The electrostatic calculations in this case almost 
duplicate the variational treatment. It is evident that the repulsion predicted by the 
electrostatic and the variational calculations at small values of R is far too extreme. This 
is to be expected of a wave function with ¢, character in the light of the opening discussion 
on the Hee system. If we assume that for small values of R we are justified in excluding 
all o, character and instead employ a wave function resulting from the electronic con- 
figuration (o,ls)? (o,2s)?, then a separate electrostatic calculation may be performed. 
From this we may hope to determine whether or not the contribution from the o,2s 
orbital does improve the calculation to a point where it gives results of the right order 
of magnitude and at the same time gain some idea of where the transition from o,1s to 
a,2s character occurs. Both of these features would be of value in a more refined varia- 
tional treatment which took account of the o,2s contribution. 
We begin by assigning the four electrons to two orthogonal molecular orbitals 


VY = (4177? SS (—1)?Po,(1)04(2)00(3)o90(4)ae(1)8(2)a(3)8(4) 
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Fic. 2. Force curves for Hes. The curve of the results obtained by the variational method (3 a.u.—1 
a.u.) is identical with that obtained by the indicated electrostatic method to the accuracy of this plot. 


where ag, is identical with the corresponding orbital employed above and ayo is given by 
2 —1/2 
90 = (G9 —Sg9'Fq)(1—Sqq) 


The o, molecular orbital is composed of atomic 2s orbitals and is of the form 


(2+2sy)-*"(Xa+Xs) 


To’ 
where 


Xa 


(Z}./3)ta exp(—Zyra). 
The electron density for the system is then found to be 
2 os 
p = (0) +0} —25 990 9'y) (1 —Szg") 


The expression for the force on nucleus @ is obtained in the same manner as previously, 
but due to the lack of orthogonality between the ¢, and a, orbitals is too cumbersome 
to be set down here. Since the Slater method of assigning screening constants does not 
differentiate between orbitals of the same principal quantum number, i.e., the 2s and 2p 
of the united atom beryllium, we have employed the same value for Z, as was employed 
for Z,,. 

The results of the calculations are given in Fig. 2. Obviously the answer to improving 
the calculations for He2 does depend upon the inclusion of the ¢,2s orbital. The electro- 
static calculations now predict a repulsion which is actually slightly less than that 
obtained experimentally for small values of R. It is only for values of R less than 3 a.u. 
that the function with o, character diverges seriously. Any contribution from this 
function must be small in the region of 1 a.u. A calculated point has been included for 
0.5 a.u., a region which is not covered by experiment. The force of repulsion is seen to 
rise very steeply in this region to a value of 5.02 a.u. 
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IV. AN ELECTROSTATIC CALCULATION OF THE ENERGY OF THE H; MOLECULE 


The electronic energy of a system of three hydrogen atoms has been the subject of 
many theoretical investigations. The most recent of these calculations was carried out 
by Boys and Shavitt (13), who employed the method of molecular orbitals with the 
superposition of configurations. This very extensive variational calculation demanded 
the use of an electronic computer. It is of interest to compare with their results those 
which can be obtained by an electrostatic calculation, a calculation which is easily 
carried out using a desk computer. 

The three hydrogen atoms are arranged in a linear symmetric fashion as shown: 


. —R a os . 
a B Y 
The two internuclear distances Rag and Rg, are maintained equal to each other (= R) 
and varied from infinity to the equilibrium value R,. For any value of R the force exerted 
on nucleus @ is equal and opposite to the force exerted on nucleus y. There is no net 
force acting on nucleus @ in the linear symmetrical configuration. The energy of H; in 
this configuration can thus be obtained by the integration of the force acting on nucleus 
a as the three atoms are brought together in the symmetric fashion from infinity to the 
equilibrium separation R,. 
The correlation diagram for the approach of three hydrogen atoms (the system at 
all times possessing D,,, symmetry) is shown in Fig. 3. Two molecular orbitals will be 
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Fic. 3. Correlation diagram for H; in the D, nuclear configuration. 


occupied in the ground electronic configuration, a ¢, and a o, orbital. The value of Z, 
for all three of the molecular orbitals will be unity and Z, will equal 3.00 and 0.65 for 
the o, and o, orbitals, respectively. The screening constants for the two occupied orbitals 
are therefore, 


Z(R), = 1+2e-" and Z(R)y +1—-0.35e-*. 


The forms of the three molecular orbitals which result from the linear combinations 
of the hydrogen 1s atomic orbitals are 


<a N, (dag t+Adsg toro) 
ct; = Ny (bau sl Pyu) 
N,’ (ay ras dN’ day +4’) 


Tg’ 
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where the NV; are normalizing factors and the ¢’s are again normalized atomic orbitals 
of the Slater type. The ground state wave function for linear symmetric H; is 


¥ = (BPD (—1)?Pog(1)a4(2)ou(3)ax(1)8(2)a(8) 
and this results in an electron density 
p = 2[2+2S%, +20 (Shs +S$,)]-'[bag? FA*b 9? +49? +2AGaohsg 
+2gs9by9+2ba9hy0] + [2 — 2Sey]-" [hau? +b yu? — 2hauPyu] - 
The five necessary atomic orbitals will be of the forms 
dag = (Z(R),3/r)!exp(—Z(R) ora) for the a, orbital, 
dau = (Z(R).3/r)!exp(—Z(R) ura) for the o, orbital. 
The application of the Hellmann—Feynman theorem gives the following expression 
for the force acting on nucleus @ along the line of centers 


1.25 2 
Faz(R) = =a —2N,y{(20639|C08 8a/tai) +(by0br4|COS Ba/ta1) 


+ 2M dag $s9|COs Bai/Tai) +2 39 y9|COS Bas/ Tas) 
+ 2( bay Pg |COS Oa i/'T21)} —Nif(byubyu|Cos Oai/Ta) 
— 2(beubyu|COS Oai/121)}. 


All but one of the integrals occurring in equation [6] are similar to the ones previously 
encountered. The one new integral is 


(3¢,|COS Ox :/ Tai): 

This is a three-center one-electron integral and it possesses no analytical solution. The 
integral represents the interaction of an ideal dipole centered on nucleus @ with the 
charge distribution arising from the overlap of the atomic orbitals on nuclei 8 and y. 
The value of this integral can be approximated by a transformation to known integrals 
of the type (¢s¢3|cos 6.;/72;) using an expansion first suggested by Mulliken (14) and 
later commented on and discussed by Riidenberg (15) and Csavinszky (16). Both ¢, 
and ¢, are expanded in terms of an orthonormal set of hydrogenic wave functions 
centered on the opposite atom, i.e., 


os = pe S85) Pri) and o, = 7 SyB(i) Pp i) 
j i 


where the coefficients of the expansion, sg,;;), are the corresponding overlap integrals 
(¢3|6y(,))- 
With this expansion ¢3¢, becomes 
dsby = 1/258y.1) (G90 801) +byby11)) £ 1/258, 2) (Gabs(2) HOyOy12)) +. -- 


Riidenberg has pointed out that this expansion is best for small values of R. Under 
these conditions the coefficients s9,;;, 7 # 1 become vanishingly small because of their 
near orthogonality. As a guide to the approximation we have employed the same 
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expansion to approximate the known integral (¢a¢s|cos 6./r2;). Out to 4 a.u. the major 
portion is contributed by the leading term as is to be expected. Beyond 4 a.u. the con- 
tributions from terms of larger 7 values became increasingly important and made the 
approximation prohibitive. Instead, it was found that the known integral was very 
well approximated by the values of 


R™?s.8(bp8|COS Oa:/12:)- 


For values of R > 4 a.u. this same form was used to approximate the three-center 
integral as well. 

The value which is to be given to the parameter \, which occurs in the expression 
for the o, orbital, is yet to be determined. In variational calculations the energy is 
minimized with respect to \ and its optimum value is thus determined. The parameter 
\ possesses no optimum value in an electrostatic calculation, the force exerted on nucleus 
a by the electrons in the a, orbital increasing to a limiting value of 2(¢s¢s|cos 6./r?) as 
the value of \ is increased. However, a lower limit can be given to \ even in the electro- 
static calculations. For large values of R, \ must approach the value +/2 if the wave 
function is to give the correct electron density for large separations. Walsh and Matsen 
(17) have carried out a variational calculation for Hs using the wave function employed 
in this investigation and have found the optimum value for \ to be 1.5 when the effective 
nuclear charges were simultaneously varied. It is to be expected that \ will have a value 
greater than 1/2 as charge is forced onto the central atom from the two neighboring 
atoms as the internuclear separation is decreased.* 


TABLE II 








Present calc. 





Simple M.O. M.O. with C.I. Expt. 
(17) (13) (13) 


1a V2 h=15 





Binding energy (in a.u.) 0.1307 0.1482 0.0733 0.1278 0.1625 
R, (in a.u.) 1.66 1.61 1.82 1.779 — 





The energy of H; has been determined for \ equal to 1/2 and to 1.5, that is, the lower 
limiting value and a higher one, consistent with that found from a variational calcula- 
tion. The results of the calculations are given in Table II. The electrostatic calculation 
with A = +/2 (equivalent to treating A as a constant in a variational calculation) is 
seen to far surpass the simple molecular orbital approach and to match the more elegant 
calculation of Boys and Shavitt which included the contributions from configurational 
interaction. When the value of X\ is increased to 1.5, only a 9% error remains in the 
calculated energy, and of course this is a more realistic value of \ than is 1/2. The values 
of the frequencies for the symmetrical stretch w; and the bending vibration w2 of the 
H; molecule are easily determined from the results of the electrostatic calculation. The 
value of the frequency for the antisymmetric stretching vibration cannot, unfortunately, 
be determined in these calculations unless some additional assumptions are made. The 
frequencies obtained, together with those determined by Boys and Shavitt (13) and 
by Weston (18) are given in Table III. The values reported by Weston were obtained 
by an application of Sato’s method for determining potential energy surfaces, in this 

*The parameter \ was not treated as a function of R in the electrostatic calculations. A variation of \ from 


15 atR=2tor = V2at R = © would not significantly change the result since the variation is slight and 
since the major change brought about by a change in d is in the region of R = 2. 
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R in a.u. 





F(R) in a.u. 








Fic. 4. Force curves for H; for two values of the parameter A. 


TABLE III 








Present calc. 





Boys and Shavitt Weston 
(13) (18) 


w1 (cm) 2066 2093 1945 2108 
ws: (cm7!) 1292 1307 952 877 


A= V2 A= 15 











case applied to the H + He reaction. The values for w; are seen to be in fair agreement 
with the other calculations, while a higher value is predicted for the bending vibration. 


V. DISCUSSION 

The results of the present calculations indicate that the electrostatic method, when 
complemented with the empirical expression [2] for determining the screening constant, 
is capable of giving very reliable estimates of binding energies and force constants. 
Furthermore, these results may be obtained with relative ease and in a short period of 
time. This method should be of value in the calculation of the properties of transition 
states where calculations capable of giving reliable results would be of great help. 

It should be pointed out that the use of equation [2] need not necessarily be con- 
sidered an empirical correction. Since it reproduces the “‘best’’ wave functions as deter- 
mined by the variational procedure to such a remarkable degree, it can be argued that 
its use is simply to provide the electrostatic method with the best possible wave function 
obtainable from the variational method. 
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THE REACTIONS OF PERFLUOROETHYL RADICALS 
WITH HYDROGEN AND METHANE! 


S. J. W. Price? anp K. O. KUTSCHKE 


ABSTRACT 


The reactions of C:Fs radicals, produced by the photolysis of (C2F, )2CO, with methane 
and hydrogen have been studied. Assuming zero activation energy for 2C2F; > CyFio the 
activation energies for C2F; + CH, — C.F;H + CH; and C.F; + H:— C.F sH +H are 
10.6 kcal/mole and 11.9 kcal/mole respectively. The present results have been correlated 
with data on the reactions of CF3, C3F7, and CH; radicals with He, De, CH4, and C2H¢. Taking 
Execombination ~ 0 in all cases and assuming the frequency factor for the recombination reaction 
varies little from radical to radical, the order of ease of hydrogen abstraction from a given 
substrate is CF; > C.F; > C;F; > CHs;. Similarly the ease of hydrogen abstraction from a 
substrate by a given fluorinated radical is C7Hs > H2 > CH, > Dz. A calculation based on 
very limited data indicates the reaction CH; + C.F;COC.F; — CH;COC.F; + C.F; may 
occur with an activation energy of approximately 7 kcal/mole. 


INTRODUCTION 


The availability of CF; and n-C;3F;, radicals from the photolysis of the appropriate 
ketone (1, 2) has led to the study of the reactions of these radicals with simple hydro- 
carbons, hydrogen, and deuterium (3, 4, 5, 6). Recently C2F; radicals have been obtained 
by the photolysis of (C2F5)2CO (7). In the present work the reactions of this radical 
with hydrogen and with methane have been studied. 

As was the case in the study of m-C3F;7 radical reactions the condensable product 
could not be separated quantitatively from the ketone by low-temperature distillation. 
A combination of gas phase adsorption chromatography and mass spectrometry has 


been used in an attempt to obtain complete analysis of the reaction products. 


EXPERIMENTAL 


Apparatus 

The photolysis apparatus was similar to that employed in similar investigations in 
this laboratory (2, 5). The quartz reaction cell (optical path 10 cm, 190 cc) was mounted 
inside a hot box which could be controlled to +0.1° C. It was fully illuminated by a 
parallel beam of light in the 3130 A region obtained via a standard set of filters (8) from 
a Hanovia S500 lamp operated on a regulated supply. The cell was connected to the 
vacuum system through a mercury cutoff mounted immediately below the hot box. The 
volume of the connecting tubing and a small Dewar sealed to the top of the reaction 
cell, both of which were outside the irradiated region, was approximately 20 cc thus 
giving a total volume of 210 cc for the reaction system. 


Materials 

The perfluorodiethyl ketone used in this work was supplied by Merck and Company 
of Canada. The ketone contained significant quantities of benzene and some unidentified 
bromine compound. These impurities were removed in the later stages of the work by 
a method described previously (7). Phillips Research Grade methane was used without 
further purification. Hydrogen was purified by passage through a palladium thimble. 

1Manuscript received July 20, 1960. 
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C:F5H for calibration of the mass spectrometer and the chromatographic columns was 
prepared by photolysis of (C2Fs)sCO (80 mm) with hydrogen (160 mm) at 250° C and 
low light intensity (approximately 0.8X10!* quanta/cc sec). The mass spectrum of 
C.Fs5H is given in Table I. 


TABLE I 
Mass spectrum of C2F;H* 








D Probable 
Mass No. Relative height positive ion 


8.33 CF 





UR sscons 
S2SRee 


~ 
mb 
no 
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*The isotope peaks are not recorded. 


Procedure 

Perfluorodiethyl ketone was admitted to the reaction zone and to connecting tubing 
of the mixing volume, and its pressure read on a mercury manometer. The ketone was 
condensed in a side arm of the mixing chamber which then was isolated from the measur- 
ing volume. Hydrogen or methane was admitted and measured in a similar manner. The 
ketone was warmed and transferred back to the measuring volume by means of a Toepler 


pump. After they were mixed 10 times by expansion into the Toepler pump the mixed 
gases were compressed to their original volume. The reaction zone was isolated by 
raising the mercury in the cutoff below the hot box and the experiment was started by 
removing a stop from the light beam. The experiments were allowed to proceed to 2.5% 
to 10% decomposition of the ketone, most experiments being in the region of 5% 
decomposition. 


Analysis 

(i) (C2Fs)2eCO + CH, 

The products of the photolysis were passed through two traps at —120° C to remove 
the bulk of the ketone and then through a trap at —210° C to remove the remaining 
condensable materials. Carbon monoxide and methane were transferred to a copper 
oxide furnace at 300° C. After 2 hours, during which time the gases in the copper oxide 
furnace were mixed several times, the mixture in the furnace was condensed at — 196° C 
and the methane pumped off. The CO2 was measured in a gas burette. 

Since C4Fy9 and the ketone cannot be separated readily by low-temperature dis- 
tillation, the entire mixture of condensable products was transferred to a gas chromatog- 
raphic apparatus where it was analyzed using a 3-ft alumina column (4 mm I.D.) 
maintained at 25° C. Hydrogen was used as a carrier gas at a flow rate of approximately 
60 cc per minute. Exact retention volumes or appearance times cannot be given as 
these varied considerably with the moisture content of the alumina and the age of the 
column. As far as could be ascertained the ketone is completely absorbed on the column. 
Because of this the columns have a useful life of approximately 15 analyses. During 
this time the sensitivity based on peak height increases by as much as a factor of two. 





2130 CANADIAN JOURNAL OF CHEMISTRY. VOL. 38, 1960 


The elution times similarly decrease. However, for a given column at a fixed temperature 
and flow rate, the relative elution times remain constant as does the sensitivity based 
on peak area (this latter point was checked by running a standard C4F 19 sample imme- 
diately after each analysis). In all cases the products appeared in the order C2He, C4F io, 
a peak initially unidentified which was later shown to be C2F;Br, and a peak consisting 
of a mixture of C2F;H and C.F;CH3. Under the stated conditions the appearance time 
of C4Fy varied from column to column and with column age over the approximate 
range 10 minutes to 30 minutes. When the appearance time for C4Fio was about 10 
minutes the following approximate appearance times were observed: C2He¢, 1 minute; 
C.F;Br, 17 minutes; C2F;H + C2FsCH3, 35 minutes. 
The mass spectrum of accumulated C.F;Br peaks is shown in Table II. 


TABLE II 
Mass spectrum of C.F;Br 








Relative Probable 
Mass No. peak height positive ion 
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The mixture of C2F;H and C.F;CH; was collected as it was eluted from the column, 
its volume measured in a gas burette, and the mixture analyzed on a mass spectrometer 
using the mass 51 (CF2H) and mass 101 (C2F4H) peaks for C2FsH and the mass 65 
(CF2CHs) peak for C2FsCH3. The mass spectrometer was calibrated using C2F;H. Hence 
C.F;H was determined directly and the C2F;CH; calculated by difference. In each case 
the relative sensitivity to C2F;H (based on mass 51) and C2F;CH; (based on mass 65) 
was 0.63:1.00. During the course of the work a new element was installed in the mass 
spectrometer. This changed the sensitivity to CH, (using mass 15) from approximately 
7cm peak height per micron to 24cm peak height per micron but had no apparent 
effect on the relative sensitivity of C2F;H to C.F;CH; (as based on masses 51 and 65). 
The mass spectrum of C2,F;CH; obtained by subtracting the C2Fs;H spectrum from 
that of a mixture of the compounds is given in Table III. Virtually the same C2Fs;CH; 
spectrum is obtained using any of the analyses carried out in the course of the work. 

(it) (C2Fs)2CO + He 

The condensable products were trapped out as described in Section (7). Carbon mon- 
oxide and hydrogen were oxidized to carbon dioxide and water in a copper oxide furnace 
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TABLE III : 
Mass spectrum of C:F;CH; obtained by subtracting the 
C.F;H spectrum from the spectrum of a mixture of these 
compounds 








Probable 
Mass No. Relative height positive ion 
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and the COz was estimated by transferring it to a gas burette. Several degassings of the 
water-CO, mixture were carried out to obtain as complete a separation as possible. 
During removal of CO, the CO,-water mixture was kept at —90° C. Since C2F5CHs is 
not formed in this photolysis complete analysis of the condensable products was carried 
out using the gas chromatographic system described in Section (2). 


RESULTS 
The observed products of the photolyses may be accounted for qualitatively by the 
following mechanisms: 
(a) Photolysis in the presence of methane.— 
C:F;COC2F; + hv — 2C2Fs + CO, 
C.F; + CH, — C2F;sH + CHs, 
2C2F 5 — CyFio, 
C.F, + CH; — C.F3CHs, 
2CH; — C2He. 
For the unpurified ketone two additional reactions are required: 


C.F; + impurity — C.F;H + radical, (6] 
C.F; + impurity — C.F;Br + radical. (7] 


The impurities shown in equations [6] and [7] are not necessarily the same. The exact 
nature of the contaminants was not established; however, mass spectrometric analyses 
and infrared experiments suggest benzene as one possible impurity in which case the 
“radical” in equation [6] would be the phenyl radical, which would presumably either 
dimerize or abstract from methane regenerating benzene. The impurity containing 
bromine may possibly be present as bromobenzene in which case the radical in equation 
[7] would also be the phenyl radical. When impure ketone was used, the material balance 
was always low, i.e., less product was found than is compatible with the production of 
2C.Fs per CO. This fact also suggests an unsaturated impurity. 
(b) Photolysis in the presence of hydrogen.— 
C.F;COC2F; + hv — 2C.F; + CO, 
C2F; + H: > C2F;H + H, 
H + C.F; — C.F;H, 
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plus reactions [2], [6], and [7]. It has been assumed that [10] is of negligible importance 
under the experimental conditions used (5). 


H+H+M-—H:+M. [10] 


If this reaction did contribute appreciably then all values reported for k3/k2* should 
be increased by a factor lying between one and two. 

The results of the photolyses in the presence of methane are given in Table IV and 
those for the photolyses in the presence of hydrogen in Table V. Except as noted the 


TABLE IV 
The reaction of C2F; radicals with methane 








Temp., 


“e 


Length 
of run, 
0® sec 


Ketone 


CH, 


10-* mole/ccf 


Co 


C.F;H 


C4Fio 


C2He 


C.2F;CH; 


C.F;Br 





10-* mole 





272 
255 
255 
240* 
235 
229 
211 
212 
212 
212 
212 
210 
191 
184* 
184* 
160 
159 
150 


59.16 
18.60 
16.74 
11.46 
14.70 
18.96 
19.44 
22.38 
18.00 
71.64 
40.08 
16. 
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*Runs with pure C2FsCOC2Fs. 


TVolume of reaction zone 190 cc. 


TABLE V 
The reaction of C2Fs radicals with hydrogen 








C.F;H C.F;Br CyF io 


10-* mole 


Length 
of run, 
10 sec 





Ketone H: 
10-6 mole/cc 


Temp., 
ri 





237 
212 
193* 
193 
174* 
174 
174 
174* 
174 
154 
138* 
137 
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13.02 





*Runs with pure ketone. Volume of reaction zone 190 cc. 


experiments were done using the slightly impure ketone. Since it had been found pre- 
viously that the photolysis of the impure ketone gave C2F5H as a product (unpublished 
results of work carried out in connection with reference 7), a correction for this was 
made as follows. 





PRICE AND KUTSCHKE: PERFLUOROETHYL RADICALS 


Rorsa = ke[C2F 5][impurity]+,[(CoFs5][CH,] 
Rerrsa/Réyrie = (ke/R:*) ([impurity]/[ketone]) [ketone] + (1/k2") [CH4). 
From experiments in the absence of CH, 


(ke/k2*) ({impurity]/[ketone]) = antilog (3.987+461/T) 


(second-order rate constants are expressed in (mole/cm*)~! sec—'). Hence values of 
k,/ks? could be calculated. As may be seen from Fig. 1, the ratios ky/kot obtained in 
this manner are in excellent agreement with those calculated from data taken with 
the purified ketone. A similar correction was applied to the data from the hydrogen — 
impure ketone system; good agreement was also achieved with data obtained when 
purified ketone was used. In the hydrogen system 


bRearsn/Rearie = 3 (ko/k2*) ([impurity]/[ketone]) [ketone] + (k5/k2!) [H2]. 


With a ketone concentration of approximately 1.45X10-* mole/cc, varying the 
methane concentration from 0.80X10-* to 3.24X10-* mole/cc had no apparent effect 
on k;/k2t (tf = 212° C). Similarly with a ketone concentration of approximately 1.3 10-6 
mole/cc, a variation in the hydrogen concentration from 0.4010-* to 4.28x10-6 
mole/ce did not alter the value of &,/k;? (¢ = 174° C). 


DISCUSSION 
The following values have been obtained from Fig. 1: 


E,—4}E2 = 10.62 kcal/mole; _-4;/A2? = 4.17104 (mole/cm!)-} sec-}; 
E;—3E2 = 11.90 kcal/mole; A;/At = 5.25X105 (mole/cm*)- sec-t. 


By analogy with other simple radicals the activation energy for the recombination 
of two C.F radicals may be expected to be very small (9, 10, 11, 12, 13). Therefore the 


observed activation energies should be approximately those for the hydrogen abstraction 


reactions. & 3 
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Fic. 1. Arrhenius plots for the reactions of C2F; radicals with methane (O) and with hydrogen (A). 
Solid points refer to runs using the purified ketone. Subscripts refer to number of experiments averaged 
to obtain a point; the maximum and minimum values of each set lie within the point. 
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TABLE VI 
Summary of data on reactions R + R'H — RH + R! 


R = CH; C;3F7 C.F; CF; 
RH E log A k E log A k E log A k E log A 
2 


C:He 10.4 4.45* .276 9.20 .5.24|) 6.41 =< — 7. 
He 10.0 4.65¢ .675 12.3 5.64** 0.96 11.9 5.74ff 1.8: 8. 
CH, 18.0 4.41f .014 9.5 3.99TT 0.41 10.6 4.62¢f 0.5 0. 
Dz 12.2 4.71§ .068 13.8 Sa: ale || / GI — — 9. 














7~ 22. 
92H 


Tt 


Note: In each case E = Ei—}E2, log A = A1/(Aa)4, and k = ki/kod where the subscript 1 refers to the abstraction reaction 
and the subscript 2 to the reaction R + R — Rs. Units: E kcal/mole; Ai, As, ki, and kz: (moles cm~3)~! sec}; all &'s refer to 
200° C. 

*Reference 14. These values actually refer to CDs + C2He; however, the limited data available indicates that rates of abstraction 
by CHs and CDs do not differ greatly. tReference 15. {Reference 3. §Reference 16. ||Reference 4. **Reference 5. ttRefer- 
ence 6. {{Present work. 
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In Table VI the present results are compared with those obtained with similar radicals 
and substrates. As indicated in the footnotes of Table VI, the tabulated E values are 
E,pstraction — 2 recombination; however, in the ensuing discussion it will be assumed that 
Evecombination iS effectively zero in each case. The further assumption will be made that 
A recombination iS approximately the same for the four radicals considered. This has been 
borne out by experiment for CH; and CF; (9, 10, 11); it might not be true for C.F; 
and C3;F; recombinations but will serve as a basis for discussion, any errors thus intro- 
duced being remedied easily when experimental values become available. As may be 
seen from Table VI there is no consistent trend in either activation energies or frequency 
factors. However, there is a marked and in fact almost unique pattern in the values of k 
calculated at 200° C. In many of these investigations the exact slope of the Arrhenius 
curve is somewhat doubtful. Since the 4 factors are calculated using the experimental 
E, compensation between 4A and E must occur if E is incorrectly calculated. However, 
provided k& values are calculated from these A and E values within or close to the 
experimental temperature range, much less relative error is to be expected in these 
than in A or E separately. Using k as a measure of the relative radical reactivity with 
respect to hydrogen abstraction, the following sequence is observed for all four sub- 
strates: CF; > C.F; > C3;F7 > CH3. Although this order is obtained from k’s at 200° C 
the convergence of values with temperature is so small that it apparently should hold 
over all readily accessible temperatures, except in the case of C3F7 and C2Fs, which 
would apparently replace each other in the reactivity series below approximately 70° C. 
Similarly, for all three fluorinated radicals the ease of hydrogen abstraction from a 
given substrate is observed to be C2Hs > H2 > CHi > Dz. It is assumed that the 
abstraction by C:F; from C2Hs and from D2 would follow this pattern although at 
present this is not known. 

Although the data are extremely limited another point may be considered. In the 
photolysis of azomethane in the presence of hexafluoro-acetone, Pritchard and Steacie 
(17) found that the over-all reaction CH; + CF;COCF; — CH;COCF; + CFs; had an 
activation energy of approximately 6 kcal/mole. In the three runs with pure C2Fs;COC.Fs 
in the presence of methane the following material balance was expected: 


(CaF io + 3C.F;H + $C.F;CH;)/CO :, 
(2C2H. + C2FsCH;)/C2F;H = 1. 
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However, it was observed that (i) exceeded unity and (ii) was much less than unity. 
The total radical balance 


(C4Fio + C.F ;CH; + C:H.¢)/CO =1 (iii) 


was obeyed experimentally (1.002+0.001). This suggests that [9] occurs. The reaction 
merely exchanges free radicals so that (iii) should be obeyed whereas (i) and (ii) should 
not. 


CH; + C.F ;COC2F; =? C.F; = CH;COC.F; [9] 


The reaction might proceed via an addition complex but the lifetime of the complex 
must be sufficiently small that it will not scavenge free radicals to form an ether. 
Considering reactions [9], [2], and [4] 


(Rei  Reamenas) /Ree F;CH3 > { (kotks) /ka} [C2F;COC.Fs] 


and assuming ke and ky to be temperature independent, the value of Ey is found to be 
7+1 kcal/mole where, noting that the result is based on only three experiments, the 
limits of error are rather arbitrary. In principle it would also be possible to use reactions 
[9] and [5] to calculate this quantity. However, the quantities of C2H¢ are very small 
and the accuracy of their analysis is questionable. Therefore any calculations employing 
ethane yields would be of very doubtful value. 

In the photolyses with Hz it was expected that (4C2Fs5H + C4F9)/CO = 1. This 
was indeed the case when purified ketone was used. Thus the analogue with H of 
reaction [9], 

H + C;:F;COC2F; — C2F;CHO + CoF;s, 


does not occur. 
Consideration of reactions [2], [4], and [5] indicates that 


Rearsctta/(RosreRosns)* = ba/(aks)?, 


which should be a constant equal to about 2.5 if Ez = Ey = Es = 0 and if the collision 
theory cross-sections are related by o4 = (0205). The data for all the experiments, except 
that at the highest temperature, give values of the left side of this expression in the 
range 2+1. A slight trend toward larger values at the higher temperatures was noted, 
but the lack of good precision in the ethane analysis, leading to considerable scatter, 
prevents the drawing of a definite conclusion in this regard. 
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ETARD REACTION 
Ill. NATURE OF THE COMPLEX! 


OwEN H. WHEELER 


ABSTRACT 


Magnetic susceptibility measurements have shown that the chromium atoms in the toluene — 
chromyl chloride complex are tetravalent. The structure of the complex and the reaction 
mechanism are discussed. Spectroscopic evidence has been found of the initial formation 
of a z-complex. The products of reaction of chromyl chloride and ethylbenzene, isopropyl- 
benzene, tetralin, and indane have been determined. 


An insoluble dark-brown complex is formed as an intermediate in the Etard oxidation 
of toluenes with chromyl chloride (1, 2, 3), and although a number of structures have 
been suggested for the complex (3) no positive evidence has been published concerning 
its structure. 

The analysis of the complex formed with toluene agrees with the empirical formula 
C;H s.2CrO2Cls. The complexes are generally sparingly soluble in organic solvents and 
are decomposed by water to give benzaldehydes and to liberate chromium in a valence 
state of +4 or +5 (1). The chromium atoms in the complex must thus have some valency 
from four to the six of the original chromyl] chloride. 

Hartford and Darrin (3) have suggested structures involving hydrogen bonding between 
two hydrogen atoms of the methyl group of toluene and two chlorine or oxygen atoms of 
two molecules of chromyl chloride. Structure I, proposed by Rhode (4), also involves 
Cr¥! but with the rather improbable co-ordination number of 5. 


O Cl O 
HO. Tl Jo} HO | Tl J) 
Cr—Cl Cr—O Oo—Cr—Cl 


“ ro “ 
Ph—CH Ph—CH Ph—CH 
\ ee \ 
AS Re “ae 
HO’ 4 “Cl HO’ ¢, “Cl Oo Cl 


I I] Ill 


Two structures (II and III) can be envisaged for pentavalent chromium. However, the 
former (II) again has a co-ordination number of 5. In structure III the Cr¥ has a co- 
ordination number of 4, and, although the molecule lacks two hydrogen atoms, the 
formula could be accommodated by the analysis. Etard (5) and later Westheimer (6) 
proposed structure IV involving tetravalent and tetraco-ordinate chromium. 


O—Cr—OH 
ra 
Ph—CH 


1Manuscript received in original form October 13, 1959, and, as revised, May 30, 1960. 

Contribution from the Departments of Chemistry of Dalhousie University, Halifax, N.S., and the College 
of Agriculture and Mechanic Arts, University of Puerto Rico, Mayaguez, Puerto Rico. Presented in part at 
on VII Congreso Latinoamericano de Quimica, in Mexico City, March 1959. Part IT: Can. J. Chem. 36, 667 

1958). 
Can. J. Chem. Vol. 38 (1960) 
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In order to determine the valency state of the chromium atoms the magnetic suscepti- 
bility (7) of the toluene complex was measured and it gave a value of 3.16 Bohr magnetons 
per chromium atom. This value (Table I) can only correspond to two unshared electrons 


TABLE I 
Magnetic susceptibilities of chromium* 








nt Healet Hobs§ 


Crv! 0 0 

CrV 1 1.738 
Criv 2 2.83 
Crill 3 3.87 


*Values for covalent atoms, from ref.8. tNumber of unshared 
electrons. Magnetic moment calculated from w= y{n(n+2)}. 
§Magnetic moments observed in covalent bond complexes of Cr 
and other atoms with the same number of unshared electrons. 








per atom. The fact that the value is a little higher than that usually found is probably due 
to the approximations involved in determining the susceptibility of a solid, or to interaction 
between the two chromium atoms in the same molecule. The chromium atoms must thus 
be tetravalent and the complex must have structure IV. 

The infrared spectrum of the complex, either as a Nujol mull or as a potassium bromide 
disk, was rather ill-defined but showed evidence of the presence of a hydroxyl group 
(maxima at 2.35, 9.3, and 9.7 u, which may be due to OH stretching and deformation 
vibrations). 

It might be expected that the third hydrogen atom of toluene would be displaced, but 
the product of the Etard reaction is always a benzaldehyde and not a benzoic acid. The 
fact that the reaction terminates after displacing two hydrogen atoms probably has its 
origin in the low solubility of the complex formed with two molecules of chromy] chloride, 
although a more important factor is probably a steric one. The commonest stereochemical 
configuration of co-ordination number four is the square planar (dsp?) form (8), and with 
two such planes joined to a carbon atom, together with the benzene ring in IV, the third 
hydrogen atom will be completely hindered to displacement by the bulky chromy] chloride 
molecule. In the alternative tetrahedral (d*s) form of the complex the molecule would be 
even more crowded. It may be noted that ortho-substituted toluenes with large sub- 
stituents, such as an iodo-atom or nitro-group, give much lower yields of benzaldehydes 
than their para isomers (1) and this is no doubt largely due to steric hindrance. 

The structure IV is in accord with the reactions of the complex, since hydrolysis of the 
chromium—oxygen bonds will give benzaldehyde (initially as its hydrate). The loss of half 
the chlorine as hydrogen chloride on heating the complex (3) is also easily explained since 
a structure with tetravalent chromium atoms such as V could be readily formed. 
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As has been already suggested (1) the first stage in the reaction of chromyl chloride and 
a toluene will be the formation of a #-complex, the chromyl chloride acting as a Lewis 
acid and the aromatic ring as the corresponding base. The formation of such a x-complex 
accounts for the initial exothermic reaction observed (1, 3) and spectroscopic evidence 
for this complex has now been obtained (Fig. 1). A solution of chromyl chloride in carbon 
tetrachloride has maxima at 290 and 415 my (curve II), while a solution of toluene has 
no significant absorption above 270 my (curve I). On mixture of the two solutions, 
the intensity near 290 my increases while the intensity at 415 my decreases (curve III). 
This is consistent with the reaction of the chromyl! chloride (decrease in intensity of 
visible band) with the toluene to form a z-complex with a maximum near 300 mu. 
When the mixture is allowed to stand, a precipitate forms and the intensity of both 
bands decreases, although the greatest decrease is observed at 300 mu (curve IV) since 
the x-complex is transformed into the insoluble reaction complex. 

The oxidation of a methyl group to an aldehyde is not the only reaction which can take 
place between an aromatic compound and chromy! chloride. In a previous publication (2) 
it was shown that the methylene groups in 9,10-dihydroanthracene, phenanthrene, and 
fluorenene could be oxidized to quinones and that 9-methylanthracene was oxidized to 
anthraquinone. The products of the oxidation of ethylbenzene have been found to be 
acetophenone (oxidation of methylene group) and phenylacetaldehyde (oxidation of 
terminal methyl group) in about equal quantities. It has been reported (12) that benzal- 
dehyde is also formed but this could not be detected ‘in the infrared spectrum of the 
products. Isopropylbenzene similarly afforded acetophenone (displacement of a methyl 
group, cf. 9-methylanthracene) and a-phenyl propionaldehyde (oxidation of terminal 
methyl group) again in about equal amounts (cf. 13). Under the same conditions tert- 


butylbenzene was unaffected. It has also been found that the oxidation of tetralin gave 
about equal amounts of a- and §-tetralone. The formation of two products again illustrates 
the high reactivity of chromy] chloride since the chromic oxide oxidation of tetralin gives 
only a-tetralone (14). Indane similarly gave apparently a mixture of a- and 6-indanone, 
although the yield was very low and a large amount of polymer was formed. 


EXPERIMENTAL 


Toluene Complex 

Toluene (2.5 g, 0.027 mole) in carbon tetrachloride (20 ml) was treated dropwise with 
stirring with chromyl chloride (9) (7.75 g, 0.05 mole) in carbon tetrachloride (30 ml) 
during 1/2 hour, stirred for a further 2 hours, and allowed to stand at room temperature 
overnight. The suspension was filtered and the precipitate washed with carbon tetra- 
chloride until the washings were colorless, and then dried in a vacuum (9.3 g). Analysis: 
found, Cl = 34.5, 34.8%; calc. for C7Hs (Cr OoCle)2, Cl = 35.16%. 

Reaction of benzene (3.9 g) in a like manner gave an oily precipitate (0.20 g) which 
fumed in air. 

Similarly reaction of tert-butylbenzene (5.0 g) gave a dark-black precipitate (0.8 g) 
which decomposed on standing. 


Magnetic Measurements 

The magnetic susceptibility (x) was determined by the method of Gouy (7). 
X = (a+b 6w)/W (10), where a = k.v (Rk = volume susceptibility of air, v = volume of 
specimen) and 6 = 2 gv/AH? (A = cross-sectional area and H = field strength). The 
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susceptibility (diamagnetic) of air is very small and the formula can be reduced to 
X = 6b 6w/W. For two specimens occupying the same volume, this becomes 


x1/X2 = 6w . W2/dwe. W;. 


Ferrous ammonium sulphate (x = 9500 10-°/(T+1) (11)) was used to calibrate the 
apparatus. The molecular susceptibility (xs. = x X mol. wt.) was corrected for the 
diamagnetic susceptibility of the other atoms using the values of Pascal (7) and the 
corrected value was halved to obtain the atomic susceptibility (x4) of each chromium 
atom. The atomic magnetic moment (#4) was then calculated using the Langevin formula, 

wa = V(BRT x4/N). 


Spectroscopic Measurements 

The ultraviolet and visible spectra (Fig. 1) were determined in stoppered Corex cells 
using carbon tetrachloride as solvent. Chromyl chloride had two maxima, at 290 mu 
(e = 3600) and 415 mu (e = 2900). 
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Fic. 1. Spectra of complex. (1) Toluene (1.31073 M) in CCly. (II) CrO2Cl, (4X107* M) in CCk. 
(III) Toluene (1.3X10-? M) + CrO.Cl, (410-4 M). (IV) Same after 24 hours. 


The infrared spectrum of the toluene complex was determined in a Nujol mull and as a 
potassium bromide disk. 

The principal maxima and their most probable assignments (values in microns and 
relative intensities in parenthesis) are: 


Nujol mull 2.35 (m) 6.26 (m) 6.58 (m) _ 6.85 (s) 
KBr disk —_ 6.25 (s) 6.54 (s) 6.68 (m) — 
Assignment OH? Benzene Benzene Benzene Nujol 
Nujol mull 7.26 (s) 8.49 (w) 9.33 (w) 9.74 (w) 
KBr disk ae 8.47 (m) 9.29 (m) 9.74 (m) 
Assignment Nujol Mono-sub. OH? OH? 

benzene 


Reactions with Aromatic Hydrocarbons 
(Ultraviolet spectra determined in ethanol solution and infrared spectra in carbon 
tetrachloride.) 


Ethylbenzene 

Ethylbenzene (21 g) in carbon tetrachloride (100 ml) was treated dropwise with stirring 
and cooling to 20-25° with chromyl chloride (60 g) in carbon tetrachloride (100 ml) 
during 1 hour, stirred for 2 hours more, and allowed to stand at room temperature over- 
night. The reaction mixture was decomposed by being poured into excess aqueous sodium 
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bisulphite solution and the organic phase separated and dried. After removal of the 
solvent, the residue was distilled to give a product (10.5 g), b.p. 76-80° at 100 mm, with 
infrared maxima at 5.85 and 5.97 uw (acetophenone and benzaldehyde have bands at 
5.97 and 5.75 u, respectively). Ultraviolet absorption Amax 242 mu, € = 7500 corresponding 
to 59% acetophenone (242 mu, e = 12,700). A small sample gave a precipitate with 
2,4-dinitrophenylhydrazone sulphate solution, which was separated by chromatography 
on a long column of alumina and elution with benzene, into two fractions; one melting 
point 247° (from ethyl acetate) (mixed melting point with acetophenone derivative 
246-247°) and a second melting point 108-110° (mixed melting point with phenyl acetal- 
dehyde derivative 110-111°). 


Isopropylbenzene 

Isopropylbenzene (16 g) in carbon tetrachloride (40 ml) was treated dropwise with 
chromyl chloride (43 g) in carbon tetrachloride (50 ml) over 1 hour at 20-25°. The 
mixture was stirred for 2 hours, allowed to stand overnight, and worked up as usual, 
giving a fraction (5.5 g), b.p. 80-85° at 100 mm, having infrared bands at 5.85 and 5.98 yu. 
Ultraviolet absorption Amax 242 my, ¢ = 5850 corresponding to 46% acetophenone. A 
small sample gave a mixture of 2,4-dinitrophenylhydrazones, separated by chromatog- 
raphy on alumina and elution with benzene into a fraction, m.p. 246° (from ethyl 
acetate) (no depression on admixture with authentic derivative of acetophenone), and 
another, m.p. 227—233° (mixed melting point with derivative of a-phenylpropionaldehyde 
(m.p. 238°) 235-237°). 


tert-Butylbenzene 

Reaction of tert-butylbenzene (20 g) in the same manner gave recovered material 
(18.5 g), b.p. 168-170°, which showed a very weak carbonyl infrared band, but gave no 
precipitate with 2,4-dinitrophenylhydrazine reagent. 


Tetralin 

Freshly distilled tetralin (10 g) in carbon tetrachloride (50 ml) was treated with chromyl 
chloride (25 g) in carbon tetrachloride (50 ml) at 0° during 2 hours and stirred at 0° for a 
further 5 hours. Decomposition of the complex in the usual manner gave unchanged 
tetralin (2 g) and a mixture of a- and #-tetralones (5.6 g), b.p. 112-124° at 10 mm, which 
had infrared bands at 5.85 and 5.97 uw (authentic a-tetralone had a band at 5.98 yu), and 
ultraviolet absorption of Amax 242 my, e = 5300 (a-tetralone showed Amax 248 mu, 
e = 11,400). A small sample gave a 2,4-dinitrophenylhydrazone, m.p. 200—-215°, separated 
as above, into a fraction, m.p. 272° (from ethyl acetate) (mixed melting point with the 
derivative of a-tetralone 270-271°) and another melting point, 250° (mixed melting 
point with the derivative of 8-tetralone 251-252°). 

The main portion (5.2 g) was shaken with an excess of 10% aqueous sodium bisulphite 
and allowed to stand overnight. The precipitate was filtered, washed with ether, and 
decomposed with acid, giving 6-tetralone (2.5 g), b.p. 123° at 10 mm, 2,4-dinitrophenyl- 
hydrazone, melting point and mixed melting point 251°. The ether washings yielded 
a-tetralone (2.3 g), b.p. 120° at 10 mm, 2,4-dinitrophenylhydrazone melting point and 
mixed melting point 271°. 


Indane 

Indane (5.5 g) (prepared by Clemmensen reduction of a-indanone) in carbon tetra- 
chloride (50 ml) was reacted, as above with chromyl] chloride (17.0 g) in carbon tetra- 
chloride (50 ml) giving a mixture of a- and 8-indanones (0.8 g), b.p. 130-132° at 25 mm, 
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having infrared maxima at 5.73 and 5.86 uw (a-indanone showed a band at 5.86 uw) and 
ultraviolet absorption Amax 245 mu, ¢ = 4100. The amount of product was insufficient to 
identify it completely. (a-Indanone showed Amax 250 mu, ¢ = 10,800.) 
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THE SOLID-LIQUID EQUILIBRIUM BETWEEN ANHYDROUS MAGNESIUM 
CHLORIDE AND N,N-DIMETHYLFORMAMIDE! 


Denys Cook 


ABSTRACT 


The solid-liquid equilibrium between anhydrous magnesium chloride and N,N-dimethyl- 
formamide has been investigated between —58° and +97°C, and up to 25 mole% in mag- 
nesium chloride by the techniques of thermal analysis. The following compounds and their 
melting points have been noted: MgCl..12DMF, 8.7°; MgClz.6DMF, 35.0° (incongruent); 
MgCl..5DMF, 51.0°; MgCl..4DMF, 69.0° C. Infrared examination of some of the com- 
pounds suggests that co-ordination is through the carbonyl group. 


INTRODUCTION 


Anhydrous magnesium chloride is known to form complexes with a variety of molecules 
such as HO (1), NH; (2), etc. These are usually of the form Mg6X.Cl. where the cation 
is octahedrally surrounded by six equivalent donor molecules. These can be thermally 
degraded and lose some or all of the donor molecules. The thermodynamic properties 
of this process for the hexahydrate (1) and diammonate (2) have been known for some 
time. 

Because of an interest in the remarkable solvent properties of N,N-dimethylformamide 
(DMF) it was decided to investigate the solid—liquid equilibrium of the MgCl.-DMF 
system. It was hoped that specific information concerning the possible formation of an 
octahedral complex of DMF around Mg** would result. This was of interest since the 
DMF molecule is a good deal larger than either H2O or NH; mentioned previously, and 
steric factors could easily play a part in the equilibrium. It was also hoped to ascertain 
the site of the donor center in DMF. 


EXPERIMENTAL 


To establish the phase boundaries, the method of thermal analysis of cooling curves 
of mixtures of MgCle and DMF was employed (3). A pyrex cooling cell was constructed, 
provided with an efficient, magnetically operated stirring system, and a thin-walled 
tube to accommodate a copper—constantan thermocouple. A Brown strip-chart recorder 
traced the temperature-time cooling curves. 

A weighed amount of MgCl: was placed in the cell and the proper amount of DMF 
was added. These operations were performed in a dry box. This mixture was outgassed 
and then heated to dissolve the MgCl. A cooling curve was started when all the MgCl, 
was in solution. A jacket, which could be evacuated, was placed round the cell, and 
the appropriate refrigerant surrounded this. The melting point was always easily dis- 
cernible, particularly as with many mixtures supercooling, occasionally up to 10° C, was 
observed. The eutectic points, however, were much more elusive and few were recorded 
with any confidence. 

Originally, mixtures were made up by adding further DMF to a known mixture, but 
some irreproducibility seemed to be introduced by this technique, so subsequently 
mixtures were freshly and individually prepared. 

Between three and five cooling curves were recorded for each mixture and the average 

1Manuscript received July 27, 1960. 
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melting point taken. Temperatures could be read to about 0.5° C but points were repro- 
ducible to probably i-2° C. 
RESULTS 
The results obtained are shown in Table I and are plotted in Fig. 1. Table II shows 
the melting points of compounds as determined by the dystectic points of the curves. 


TABLE I 


Melting points of mixtures 








Mole% MgCle M.p. | Mole% MgCl, M.p., °C 
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TABLE II 
Melting points of compounds 








Compound Mole%% MgCl. M.p., °C Remarks 





MgCl.. 12DMF 7.70 8.7 

MgCl..6DMF 14.28 aS. Incongruent 
MgCl..5DMF 16.33 51.0 

MgCl..4DMF 20.00 








MgClp — HCON(GHa)p 





°C 





TEMPERATURE 


MOLE % MgClo 
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COOk: SOLID-LIQLID EQUILIBRIUM 


DISCUSSION 


The appearance of a compound albeit of incongruent melting point at a molecular 
ratio of 1:6, ie. MgCl..6DMF, indicates that even a relatively large molecule like 
DMF can co-ordinate, probably octahedrally, round the Mg**. (A powder X-ray dif- 
fraction pattern of the 1:6 compound showed marked differences from those of anhydrous 
MgCl. or the hexahydrate.) The compounds with fewer DMF molecules are probably 
derived from this compound by successive loss of a DMF molecule from the co-ordination 
shell at higher temperatures. A 1:3 compound has been tentatively shown in Fig. 1. It 
probably exists but, in this temperature region, the reproducibility of the melting points 
was growing worse. There is a strong possibility that thermal decomposition may be a 
factor at these elevated temperatures. 

For all these mixtures, in the crystallization period, especially if supercooling occurred, 
the first crystals observed were nearly transparent and had a cubic structure. Further- 
more, when a mixture of approximately 14.28 mole% MgCl. was made up, heated to 
dissolve all the MgCl., and then cooled slowly, a mass of poorly shaped crystals grew. 
But by leaving them in a place exposed to weak sunlight, after a few days, a portion 
of a beautiful cubic crystal grew on top of the other crystals, with an edge of about 
6mm. This cubic structure could be consistent with octahedral co-ordination around 
the Mg** ion. 

Infrared examination of the 4:1 and 3:1 complexes showed a spectrum very similar 
to that of DMF except that its carbonyl frequency was displaced to lower frequencies 
by about 46cm 7. This phenomenon is well known to occur when there is an inter- 
action with the carbonyl oxygen, as in hydrogen bond formation, or Lewis acid—base 
interaction (4). It is concluded, therefore, that the carbonyl group is the donor group 
in DMF in this case. Very similar results have been obtained recently for the DMF2:TiCl, 
complex, in which the carbonyl frequency was some 30 cm lower than in DMF (5). 

The 1:12 compound was rather unexpected, although a compound of the same con- 
stitution is observed in the MgCl.-H,O system. On freezing the MgCl..12DMF com- 
pound, a mass of small white crystals appeared with no supercooling so observation of 
their shape was difficult. Their appearance was different enough from the MgCl..6DMF, 
or lower compounds, to infer a difference in lattice type. While conjecture on the structure 
is quite speculative, it seems most unlikely that this could be a Mg** with 12 DMF 
molecules co-ordinated around it. What is more likely is a six co-ordinated Mg++ with 
six further DMF molecules not interacting with the cation but incorporated in, the 
lattice. Since this compound melted at 9° C it was not possible to take the infrared 
spectrum to see if two carbonyl bands were present due to two environmentally different 
DMF molecules. 

Finally, a rough estimate of the stability of the 1:6 compound can be deduced from 
the following evidence. Treatment of a solution of MgCl. in DMF with NH; gave a 
slow-forming white precipitate, which settled very slowly. By contrast, a solution of 
MgCl. in water which is, in effect, Mg(6H.O)*+*, 2CI-, when treated with NH; gave 
an immediate, copious white precipitate of MgCl..6NHs3, identified by its infrared 
spectrum. This is a rough indication that the stability of the MgCl..6DMF is inter- 
mediate between MgCl..6NH; and MgCl..6H,O. 
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SEARCH FOR INDEPENDENT FORMATION OF Cs!**" IN FISSION! 


A. P. BAERG,? R. M. BARTHOLOMEW, AND R. H. BETTS 


ABSTRACT 


The independent yield of Cs'*™ in thermal neutron fission of U®* is less than 1.7 X 10-6 of 
the mass 134 chain yield and that of Cs* was found to be (0.94+0.04)10-? of the mass 
136 chain yield. The half-life for Cs‘“" was measured as 2.91+0.01 hours. 


INTRODUCTION 


The principal mode of formation of the shielded nuclide Cs'** in neutron-irradiated 
uranium is generally thought to be by neutron capture in Cs'**, This latter nuclide is a 
fission product of high yield which builds up in the uranium during a long irradiation. 
However, recent unpublished work (1) involving highly irradiated uranium dioxide has 
shown that, in some cases at least, the amount of Cs'*4 is apparently considerably larger 
than that expected from the 30-barn (2) neutron capture cross section of Cs'**. One 
explanation suggested to account for this anomaly was that the independent fission 
yield of Cs'*4 may be unexpectedly large; a value of about 7X10-*% would account 
for the “‘excess’”’ Cs!*4 found. 

Although it would be very difficult in a short irradiation to detect independent forma- 
tion of the order of 7X10-*% yield for 2.2-year Cs'** in the presence of other fission 
product cesium isotopes, it would be readily observable as the high-spin Cs1*4" isomer 
(3 hours half-life), if this were formed in amounts comparable with that of the 2.2-year 
ground state. Judging from the limited information available on isomer ratios of inde- 


pendently formed fission products (3, 4) this is not an unlikely situation. This paper 
reports on the results of a search which was made for Cs!*4" formed directly in thermal 
neutron fission of U**5, 


EXPERIMENTAL 


The method consisted of extracting carrier-free fission product cesium from a sample 
of uranium which had been irradiated for a short time only to avoid production of ‘Cs144" 
through neutron capture in fission-produced Cs'**. Samples of the carrier-free material 
were counted in a 4x beta proportional counter to determine the Cs'**” relative to Cs!* 
and Cs!87, The counting efficiency for the low-energy electrons from the isomeric tran- 
sition in Cs!*# was determined in separate experiments by a coincidence counting 
method, using Cs'*4 produced by neutron capture in Cs!'**, 


Irradiation and Purification 

Approximately 1 g samples of natural uranium, as UO», were sealed in quartz capsules 
and irradiated in a self-serve position of the Chalk River, NRX reactor. The neutron 
flux was about 101*/cm? sec and the irradiations were limited to 3 hours. The purification 
of the cesium, requiring about 3 hours, was delayed 12 hours to permit 32-minute Cs!®* 
and 9-minute Cs!*® to decay to negligible levels. 

The irradiated UO: was dissolved in a solution 9 N in hydrochloric and 3 N in nitric 
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acid. This solution was evaporated and the residue taken up in 10 ml of 1 WM sodium 
citrate buffer solution adjusted to pH 6 with nitric acid. The cesium was extracted, 
carrier-free, from this solution with an amyl acetate solution 0.05 M in sodium tetra- 
phenyl boron (5). After scrubbing with water the cesium was backwashed with 3 NV 
hydrochloric acid and the latter scrubbed with pure amyl acetate. This acid solution 
was again evaporated and the extraction procedure repeated three times. 

It was found that carrier-free silver is also extracted very efficiently in this procedure 
and so an ion-exchange purification step was introduced. The cesium, in 0.1 N hydro- 
chloric acid, was adsorbed on a 200-400 mesh Dowex-50 (8% cross-linked) cation resin 
column, 10cm long and 3 mm in diameter. The column was washed, first with 3 ml of 
0.1 N hydrochloric acid which removed all the silver.* This was followed by about 24 ml 
of 0.5 N hydrochloric acid and finally the cesium was collected in about 2 ml of this 
eluant. This cesium fraction was further purified by two more extractions with sodium 
tetraphenyl boron and another cation resin column elution. An additional check on the 
purity was made in each experiment by adding cesium carrier to a portion of the sample 
and precipitating cesium silicotungstate (6). These several samples always showed 
identical decay characteristics and gamma-ray spectra. 

Samples of Cs!*4" for determination of counting efficiency were prepared by irradiation 
of approximately 1 mg of “‘spec-pure’’ CsCl, sealed in a quartz ampoule. The irradiated 
cesium was purified by several elutions from a cation resin column (see above). Purity 
checks were made by precipitation of a portion of the cesium with silicotungstic acid 
and comparison of the decay characteristics. 


Counting 
Samples of the fission product cesium were prepared for 47 beta counting by evaporating 


aliquots onto VYNS films. These films were rendered conducting by evaporated gold 
(10 ug/cm?) (7). The dried sources were covered with a similar film. Frequent counts 
were taken during the first day after the purification, accumulating a minimum of 10° 
counts in each measurement. Subsequently the decay was followed over a period of 
about 2 months to determine the relative amounts of Cs!** and Cs!87. 

The 42 beta proportional counter-efficiency for the detection of Cs!*#" was determined 
by a coincidence technique, using about 1 wg samples of irradiated Cs'** mounted in the 
same way as the fission product samples. Coincidence counting equipment similar to 
that described by Campion (8) was used. In Fig. 1 is given the decay scheme for Cs'*4" 


134m 


Cs (2.91 hr 
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Fic. 1. Disintegration scheme of Cs, 








*The silver was found by gamma-energy analysis and half-life measurements to be of very high purity. Decay 
of the Ag™, observed over a period of 60 days, yielded a half-life of 7.45+0.01 days. The purification described 
appears to be an excellent one for both carrier “free silver as well as for cesium. 
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(9) showing 98% of the transitions going to the 10.5-kev level. The transitions from 
this level are essentially 100% converted in the L shell (10) giving rise to 4.5- to 6.2-kev 
electrons. The detection efficiency for these electrons was determined by counting in 
coincidence with the 127-kev gamma rays from those transitions to the 10.5-kev level 
which are not themselves converted. Provided these low-energy electrons are detected 
with good efficiency, it is reasonable to assume nearly 100% efficiency for the other 
conversion electrons which are of much higher energy. 


Treatment of Data 
The total disintegration rate of the fission product cesium samples at any time, f, 
following the irradiation is given by 


(1] CStotar = Cso!87e-d7!+ Cg o!86e—A6t 4+ Cg p184me—rat 


where the subscripts 0 denote initial disintegration rates and \;, As, and A, are the 
respective disintegration constants. No contribution from Cs!*° and Cs!*° is indicated in 
the equation because the purification was delayed long enough to allow these to decay. 
Since the irradiations were of short duration no significant amount of Cs!*4 would have 
been formed by neutron capture in fission-produced Cs'**, The contribution to the 
observed counting rate is also negligible from Cs'**, due to its long half-life (2 10® vears). 

In the long-term counting data there is no contribution from Cs” and equation [1] 
may be rearranged to 


[2] Cstotaie?? = Cso'8e07-0)! 4+ Cg 9187 


so that if the total observed count, multiplied. by e'7’, is plotted versus e®7®', a straight 
line should result having a slope equal to Cso'** and a zero intercept equal to Cso}87. 

Having determined Cso!*° and Cso'*’, the initial counting rate of Cs!" may be 
determined by rearrangement of equation {1] as follows, 


[3] (CStotar — Cso!87e—7*)eX6? = Cs ol864+Cg lime Qe—ra) ¢ 


and plotting the term on the left versus e@*”)'. The slope of the straight line then 
represents Cs !**" and the zero intercept represents Cso!*®. 


RESULTS AND DISCUSSION : 

Two measurements on the Cs!**” yield were made, treating in each case first the 
long-term counting data according to equation [2] to determine the Cs'** and Cs!87 
centent of the samples. This treatment of the data is illustrated in Fig. 2. The values 
of Cso!8* and Cso!*7 thus obtained were then used in equation [3] and the short-term 
counting data plotted as shown in Fig. 3. The errors indicate the standard deviation 
of the observed count. It is evident from this figure that the contribution of Cs!” to 
the observed counting rate is very small indeed and that at best an upper limit may 
be set for the yield of this isomer. This limit is estimated to be <1.3X10-°%. The 
parameters used in arriving at this value are given in Table I. The results of the counting 
data are summarized in Table II, together with the estimated limits. These limits will, 
however, depend on various factors including the Cs!“ counting efficiency, the accuracy 
of the Cs!*6 and Cs!87 determinations, and the half-life values used in the calculations. 

The detection efficiency of the 47 beta counter for the conversion electrons from the 
10.5-kev transition in Cs!4" was found, in three separate experiments, to be (86+2)%. 
In view of this fairly high efficiency the conversion electrons from the 127-kev transition 
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Fic. 3. Short-term decay of fission product cesium. 


TABLE I 


Values of parameters used to estimate the yield of Cs! 








Irradiation time 

Half-life of Cs1%6 

Half-life of Cs!87 

Correction to Cs!*7 activity 
Half-life of Cs! 

Counting efficiency of Cs!” 


3 hours 

12.9 days (11) 
30.0 years (12) 
0.909 (12) 
2.91 hours 
0.974 





were assumed to be detected with 100% efficiency. These transitions are 86.9% con- 
verted in the K and L shells. The conversion coefficient for the 137-kev transition is 
not known. It constitutes only 0.8% of all transitions and was assumed not detected. 
The 1% abundant beta transition was taken to be detected with 100% efficiency. These 
efficiency of 97.4% for the Cs!*4™, 


considerations then lead to an over-all counting 
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TABLE II 
Experimental data and results 











Fission yield ratios 








Cso'8?, Cso36, Cso'4™, 
Experiment counts/min counts/min counts/min Cs186/Cg187 Csi34m /Cgls6 
1 1.81X10° 1.38105 <0.2X105 0.99 107% <2xX10-3 
2 7.12X108 5.40105 <0.9X105 0.98X 10-3 <2.2X10-% 
‘ Fission yields* 
% Yield Fraction of mass chain 
Csi86 (6.1+0.24)x10-% (0.94+0.04)x10-3 
Csi4m <1.3X10% <1.7X10-¢ 





*Taking the cumulative yields of Cs!*’, mass 136, and mass 134 to be 6.15%, 6.44%, and 8.03% respectively (13). 


The counting efficiency for Cs'** and Cs!87 was taken to be 100%. This is believed 
not to be in error by more than 4% and it is expected that these nuclides were counted 
with equal efficiency within 1%. In the two measurements a value of 0.76 was obtained 
for the counting ratio Cs o!**/Cs,'*7, with an estimated error of 4%. After a correction 
factor of 0.909 is applied to the counting rate of Cs'*’ for Ba!*™ (12), the yield of Cs™¢ 
becomes (0.94+.04)X10-* as the fraction of the mass 136 chain yield. This value 
agrees favorably with that of 1X10~* given by Grummitt and Milton (14). 

The decay of Cs!*™, obtained from the irradiated and purified Cs, was followed 
over at least eight half-lives in each of the three counting efficiency measurements. These 
data yielded a half-life of 2.91+0.01 hours, the value that was used in the calculation. It 
is somewhat lower than the accepted one of 3.2 hours (9). 

The largest error in estimating the Cs!**" arises from errors in the value of the term 
Cso'** and in the half-life of Cs'®. Neither of these is believed to be greater than 5%. It 
is estimated that even a 10% error in either Cso'** or its half-life would not change the 
present results for the Cs'*4"/Cs'** yield ratio by more than a factor of two. 

The upper limit for the yield of Cs'**" relative to the mass 134 cumulative yield 
becomes <1.7X10-® taking the yields of masses 134, 136, and 137 as given in Table II. 
Extrapolation of existing correlations (14) for independent fission yields suggests a value 
for Cs4 of the order of 5X10-*. The present results then do not indicate any unusual 
behavior in the independent formation of Cs! in fission. 
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TRYPTAMINES, CARBOLINES, AND RELATED COMPOUNDS 
PART VIII. §-CARBOLINE" ? 


R. A. ABrAmMovitcH, K. A. H. ApAms, AND A. D. NotaTION 


ABSTRACT 


The first unambiguous synthesis of 6-carboline has been achieved starting with 3-amino-2- 
phenylpyridine. This was converted to the azide which was thermally cyclized to 6-carboline. 
The carboline gave a py-N-methiodide which was converted to the anhydronium base. The 
p&, of the anhydronium base was determined and its significance is discussed. The anhydro- 
nium base formed a methiodide which, on dry distillation, gave ind- N-methyl-é-carboline. The 
spectral properties of the various derivatives of 6-carboline were examined and the bond 
structures of the anhydronium base and the methiodides are discussed. 


Whereas the chemistry of a-, B-, and y-carboline has been well studied and a number 
of unambiguous methods are available for the synthesis of these ring systems practically 
nothing is known concerning 6-carboline (1). There has appeared only one reference to 
the synthesis of the parent compound and that to the Graebe—Ullmann cyclization of 
1-8-pyridylbenztriazole by Spath and Eiter (1), who obtained a mixture of 6-carboline and 
what was tentatively identified as 6-carboline (since it was not identical with either a-, 
B-, or y-carboline) in unspecified low yield. N-3-Pyridylaniline was also obtained in 
this reaction. Subsequently, Eiter (2) was unable to obtain any of the supposed 6-carbo- 
line by carrying out this reaction on a larger scale. A similar cyclization of 4-methyl-1-6- 
pyridylbenztriazole gave 5-methyl-6-carboline as the main product together with a 
small amount of a compound for which the structure 5-methyl-é-carboline was suggested 
(3). Gulland, Robinson, Scott, and Thornley (4) were unable to degrade 3,4-methylene- 
dioxyquindoline to 6-carboline. However, oxidation of this compound with nitric acid 
gave 7-nitro-6-carboline-2-carboxylic acid in low yield. 

Apart from the fact that it is the only member of the carboline family whose chemistry 
has not been studied to any degree 6-carboline is interesting from a number of other 
points of view. It is present in the ring system of the alkaloid cryptolepine (5), which 
is noteworthy from a biogenetic point of view (6). Also, the relative basicities of a-, B-, 
and y-carboline anhydronium bases have been measured by Gray (7), who proposed an 
explanation for the observed order of base strengths (8- > y- > a-) and suggested, on 
the basis of considerations outlined below, that the 6-carboline anhydronium base should 
have a dissociation constant almost as high as that of the 8-isomer. It was of interest 
to trv and test this prediction experimentally. 

Smith and Boyer (8) attempted to cyclize 2-0-azidophenylpyridine to 6-carboline but 
obtained instead 2-0-aminophenylpyridine.* When 2-0-nitrophenylpyridine was heated 
with ferrous oxalate, cyclization took place preferentially at the pyridine nitrogen atom 
to give pyrid[1,2-d]indazole (9). The Pschorr-type cyclization of 2-amino-N-methyl-N- 
3’-pyridylaniline gave a relatively good yield of ind-N-methyl-6-carboline (11) (together 
with some ind-N-methyl-8-carboline) (10a) but attempted N-demethylation using a 
variety of procedures failed (108). 

6-Carboline has now been synthesized unambiguously from 3-amino-2-phenylpyridine 

1Manuscript received June 6, 1960. 

Contribution from the Department of Chemistry, University of Saskatchewan, Saskatoon, Saskatchewan. Pre- 
sented at the 43rd Annual Meeting of the Chemical Institute of Canada in Ottawa, June 1960. 


2Part VII: Can. J. Chem. 38, 2273 (1960). 
*Our results in this reaction differ from those of Smith and Boyer and will be reported in a subsequent paper. 


Can. J. Chem. Vol. 38 (1960) 
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(V). The amine was obtained from 2-phenyl-3-picoline (III), which was oxidized to the 
carboxylic acid (IV) (11); this was transformed into the amine (V) via the acid chloride 
and the Curtius reaction. It could also be obtained directly by the action of phenyl- 
lithium on 3-aminopyridine (12). It was diazotized and converted to 3-azido-2-phenyl- 
pyridine (VI), which on being heated in decalin, gave variable yields of 5-carboline (1). 


(\-cH Pte On 
os -)—CoHs + \yJ—CoHs ar = C.H;s or 


(IIT) (IV) 


an. Tr ‘ 

| | ime 

ky -CoHs N | why 
H 


(VI) (1) 


The base formed a yellow methiodide (VII) readily but resisted all attempts at ind-N- 
methylation. Treatment of the methiodide with alkali gave the orange anhydronium 
base (VIII); this gave a yellow methiodide (IX) identical with that obtained from 
ind-N-methyl-6-carboline (II), thus establishing conclusively the structure which had 
been assigned (10a) to (II), as well as the fact that methylation of the anhydronium base 
occurs at the ind-N-atom. Finally, dry distillation of the methiodide (IX) gave ind-N- 
methyl-é-carboline (II) identical with the sample obtained from the Pschorr reaction 
(10a). 


CH; ae 
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CH; CH; 
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Ultraviolet Absorption Spectra and pK, 

Gray (7) obtained the following values for the pK,’s of the carboline anhydronium 
bases: a-, 7.75; B-, 11.11; and y-, 10.54. The greater basicity of the 6-derivative was 
ascribed to a lower stabilization energy of the 8-carboline anhydronium base indicated 
from a consideration of the relative contributions made by quinonoid canonical forms. 
The low basic strength of the a- as compared with the y-derivative was interpreted on 
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the basis of two complementary factors: (a) a much increased stability of the a-anhydro- 
nium base as a result of the juxtaposition of the oppositely charged centers; and (b) a 
reduced stability of the a-carboline salt owing to the inductive effect of the indole nitrogen 
attached to the same carbon as the positively charged pyridine nitrogen. Support for 
point (a) comes from the fact that pyrid[1,2-d]indazole, in which the charged centers 
are even closer together, is very reluctant to form a methiodide at all (9). A consideration 
of the basicities of the pyridonimines led Gray to suggest that there is some slight 
evidence that the aromatic charge-separated forms more nearly represent the properties 
of all three anhydronium bases. Additional support for this suggestion comes from the 
high dipole moment of sempervirine (13). Paoloni and Marini-Bettdlo (14) have argued 
that it is unnecessary to write a formula bearing separated charges for the 6-carboline 
anhydronium base as suggested by Schwarz (15), and have carried out calculations using 
the LCAO method on 1-methyl-7-azaindole and on 7-methyl-7H-pyrrolo[2,3-d]pyridine, 
the results of which they say support their contention. It was hoped that the deter- 
mination of the pK, and spectral properties ot the 6-carboline anhydronium base would 
shed some light on this problem and also verify or disprove Gray’s suggestion concerning 
its base strength. 
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The pK,’s of the anhydronium bases prepared from the methosalts of a-, B-, and 6-carbo- 
line, were determined both spectroscopically and by potentiometric titration of the 
methiodides in 60% ethanol with 0.1 N sodium hydroxide, the pH at half neutralization 
being taken as the pK, value, no correction for the ionic strength being applied. The 
average values of several determinations are given in Table I. 


TABLE I 








Anhydronium base py-N-Methyl-a-carboline py-N-Methyl-8-carboline* —py-N-Methyl-s-carboline 
pK. ‘ 7.55 10.88 10.77 


*Methiodide kindly supplied by Dr. I. D. Spenser, McMaster University, Hamilton, Ontario. 





-The values for the a- and 8-bases are somewhat lower than those reported by Gray (7) 
but, as suggested by him, py-N-methyl-é-carboline anhydro-base is almost as strong a 
base as its B-isomer. This result would seem to favor the quinonoid structure A as being 
an important contributor to the structure of the base, resulting in its having a lower 
stabilization energy as compared with its salt in which the benzenoid structure is pre- 


served.* The infrared spectrum of py-N-methyl-d-carboline anhydronium base afforded 
some slight tentative negative evidence in support of this suggestion. In the infrared 
spectra of two compounds, pyrid[1,2-d]indazole (9) and anthranil (16) in which the 
grouping CsH,N®© is known to make a strong, if not predominant contribution, bands 
have been observed at 1650 and 1642 cm, respectively, which have been tentatively 
assumed to be characteristic of such a grouping. No such band was observed for the 
6-carboline anhydronium base. A medium band at 1619 cm might be ascribed to a 
highly conjugated C=N as would be present in A, or alternatively to an aromatic ring 
vibration as is present in A’. py-N-Methyl-a-carboline anhydronium base exhibits a 
band at 1630 cm which is intermediate between the above values as might be expected 
from the suggested structure for this compound in which the benzenoid structure remains 
unchanged and in which the dipolar structure makes an important contribution. The 
evidence seems to indicate a mesomeric structure A << A’ for the 6-anhydronium base 
with the quinonoid structure A making perhaps the weightier contribution to the ground 
state. 

The analysis values of py-N-methyl-6-carboline anhydronium base were unsatisfactory, 
but this seems to be characteristic of this type of compound (17). Its anhydro-base 
character was confirmed by its ultraviolet absorption spectrum (Fig. 2) compared with 
that of py-N-methyl-é-carbolinium iodide; the bands for the anhydro-base exhibited 
the usual bathochromic shifts. The colors of the methiodides and anhydronium bases 
and of their solutions are of interest. Thus, both py-N-methyl-8- and -é-carbolinium 
iodide are yellow in the solid state whereas the unmethylated bases are colorless and 

*That disruption of the benzenoid structure is an important factor in the destabilization of the bases is shown 


by the recent work of Adler and Albert on the ionization constants of the diazaindenes (21) where this factor is 
not present and the order of base strengths is 1,5 > 1,6 > 1,4 > 1,7. 
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the a-methiodide is cream-colored (see Fig. 3). The anhydronium bases are all orange- 
colored and give yellow solutions in hydroxylic solvents. The ultraviolet spectra of 
py-N-methyl-é-carbolinium iodide and of its anhydronium base in 95% ethanol are 
identical, indicating the ease with which the anhydronium base reverts to the more 
stable salt structure (compare the case of the 6-carboline anhydro-base (18, and references 
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cited therein)). On the other hand, solutions of py-N-methyl-é-carboline anhydronium 
base in non-polar solvents such as ether are darker in color than those in hydroxylic 
solvents and this is reflected in the ultraviolet absorption spectrum of an ethereal solution 
of this compound when the bands at 282, 289, 350, and 422 mu (in alkaline 95% ethanol) 
are shifted to 289, doublet at 295 and 300, 362 and 464 mu (in ether) respectively. This 
contrasts with the behavior of the 6-carboline anhydro-base whose spectrum in alkaline 
ethanol is reported to be the same as that in ether solution despite the fact that the 
latter solution is darker than the former (18). For the 6-carboline anhydro-base the 
deepening of the yellow color on passing from aqueous ethanolic alkali to ether solution 
is undoubtedly due to the fact that the color is due to an m — 7 transition and that 
in aqueous ethanolic alkali the unshared electrons of the nitrogen atoms are stabilized 
in the ground state by hydrogen bonding. As regards the bands in the 282-350 mu 
region the bathochromic shift is in the opposite direction to that expected for K-bands 
(19) which arise from + — @ transitions. Such a blue shift on passing from a non-polar 
to a polar solvent might indicate an appreciable instantaneous change in polarity from 
the ground state to the excited state causing the solvating molecules of a polar solvent 
to be more disoriented than those of a non-polar one during such a transition. If this 
conclusion is valid it could be taken as providing some tenuous support for the suggestion 
that structure A is the more important of the two structures contributing to the resonance 
hybrid. Some comment may also be made concerning the yellow color of the 6-carboline 
methiodide as compared with the unmethylated base and the a-carboline methiodide. It 


seems likely that a structure such as (VII’) is contributing to the structure of the ground 
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state of the 6-carboline methiodide, the introduction of a positive charge on the py-N- 
atom producing a strong perturbation of the z-electron cloud. Similar comments will 
apply to the 8-carboline methiodide. Due to the closeness of the- two nitrogen atoms 
the perturbation in the a-carboline methiodide case is not as great (this is reflected in 
the lower pK, of this compound). 

In connection with the ultraviolet absorption spectra of the 6-carbolines it is of interest 
to note that Eiter and Nezval (3) claimed to have prepared 5-methyl-d-carboline (no 
analysis given) and reported that this compound had two bands at 351 and 288 my in 
the ultraviolet. 6-Carboline itself has two bands at 303 and 258 my (Fig. 1); furthermore, 
the shape of the absorption curve given by Eiter and Nezval is quite different from that 
of 6-carboline reported here, but resembles that of 5-methyl-8-carboline (3). Horner 
compared the ultraviolet spectra of a- and 6-carboline and found them to be similar 
(20). Both, however, are substantially different from the spectrum of 6-carboline. It 
seems unlikely therefore, that the compound isolated in very low yield by Eiter and 
Nezval was really 5-methyl-é-carboline. 


EXPERIMENTAL 


Melting points are uncorrected. Infrared spectra were measured with a Perkin-Elmer 
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Model 21 spectrometer using sodium chloride optics. Ultraviolet absorption spectra 
were recorded on a Beckman DK2 spectrophotometer. 


3-Amino-2-phenyl pyridine 

2-Phenylpyridine-3-carboxylic acid (11) (0.5 g) was kept at room temperature with 
thionyl chloride (3.5 ml) for 3 hour. The excess thionyl chloride was removed under 
vacuum, the residue dissolved in dry acetone, and the solvent evaporated leaving the 
acid chloride behind as a powder. This was dissolved in dry acetone (9 ml) and sodium 
azide (0.5 g) in water (1 ml) was stirred into the solution, the temperature being main- 
tained below 20°. After 15 minutes, water (14 ml) was added and the mixture basified 
with 2 N sodium hydroxide. The mixture was heated on a steam bath for 3 hours, cooled, 
and extracted with ether. The combined extracts were dried (Na2SO,4) and evaporated 
to give crude 3-amino-2-phenylpyridine (0.4 g; 92% yield) which was distilled under 
vacuum and had a boiling point of 119-121°/0.35 mm. The distillate solidified on cooling, 
and was recrystallized from benzene - light petroleum (b.p. 40-60°) to give colorless 
crystals, m.p. 62-64°, whose infrared spectrum was identical with that of a sample © 
prepared from 3-aminopyridine and phenyllithium (12). The picrate, m.p. 204-206° (from 
ethanol), was identical (mixed melting point) with that of the specimen prepared by 
the 3-aminopyridine method (12). 


5-Carboline 

3-Amino-2-phenylpyridine (1.0 g) was dissolved in concentrated hydrochloric acid 
(2.6 ml) and water (1 ml). A solution of sodium nitrite (0.41 g) in water (1 ml) was 
added with stirring and cooling on ice to the above solution at such a rate that the 
temperature remained below 3°. The excess nitrous acid was destroyed by the addition 
of urea and then a solution of sodium azide (0.45 g) in water (1.5 ml) was added below 
3°. At the completion of this addition the solution gave a negative alkaline 6-naphthol 
coupling test. The reaction mixture was allowed to stand at 0° for 1 hour, the solution 
was then made alkaline with cold sodium hydroxide solution (temperature kept below 
5° at all times) and the aqueous solution was then extracted with ether repeatedly. 
Acidification of the aqueous layer caused the precipitation of 3-hydroxy-2-phenyi- 
pyridine (0.3 g; 33% yield), m.p. 206-207°, undepressed on admixture with an authentic 
specimen (12). The dried (Na2SO,) ether extract was evaporated to give the crude 
azide (0.67 g) as a reddish oil which could not be purified but was used as such in the 
next stage. Infrared spectrum (liquid film): 2120 (s) (azide), 1580 (m), 1285 (s) (broad), 
1185 (m), 802 (m), 735 (s), 695 cm! (s). 

The crude 3-azido-2-phenylpyridine (0.67 g) was dissolved in redistilled decalin (70 ml) 
and heated at 155-170° for 3 hours. Nitrogen was evolved smoothly at this temperature. 
On cooling of the reaction mixture, some crystals of 6-carboline separated. The whole 
mixture was extracted with dilute hydrochloric acid, the acid extracts made alkaline, 
and the solution extracted with ether. The dried (Na2SO,) ether extract was evaporated 
to give 6-carboline (0.44), which was recrystallized from benzene to give colorless 
needles, m.p. 216°. Calc. for CisHsNe: C, 78.55; H, 4.79. Found: C, 78.15; H, 4.72. 
The monopicrate was recrystallized from ethanol and had a melting point of 277-279°. 
Cale. for Cy,HsN2, CeH:07N3: C, 51.39; H, 2.79. Found: C, 51.69; H, 2.78. The yields 
of 6-carboline obtained in several runs varied appreciably, the one reported above being 
the highest obtained. In some runs, some 3-amino-2-phenylpyridine, formed undoubtedly 
by hydrogen abstractions from the solvent, was isolated. 
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py-N-Methyl-6-carbolinium Iodide (V11) 

6-Carboline (110 mg) in 95% ethanol (1 ml) was treated with an excess of methyl 
iodide (2 ml) and the solution kept overnight at room temperature. The precipitate 
(200 mg) was filtrated and recrystallized from methanol to give the methiodide as light 
yellow needles, m.p. 250-252°. Calc. for Ci2Hi:Nol: C, 46.47; H, 3.57. Found: C, 46.27; 
H, 3.70. Amax 262, 328 my; Aint: 266, 348 my; log € 4.53, 4.50, 4.35, 3.70 (in 95% ethanol). 


py-N-Methyl-6-carboline Anhydronium Base (V111) 

The above methiodide (50 mg) was dissolved in hot water (2 ml) and the solution 
treated with a warm 20% aqueous solution of sodium hydroxide (4 ml). The yellow 
precipitate (22.6 mg) which separated from the cooled suspension was filtered off and 
washed with a little cold water. The combined filtrates were extracted repeatedly with 
ether, the extracts dried (Na2:SO,), and the ether evaporated to yield a further small 
quantity of base. The combined solids were recrystallized from anhydrous benzene to 
give the anhydronium base as orange-yellow plates which became almost black at ca. 200° 
and melted at 204-205°. The microanalytical values were unsatisfactory as is common 
for such substances (17). Calc. for CizHioN2: C, 79.09; H, 5.53. Found (average of two 
determinations): C, 71.33; H, 6.00. Infrared spectrum (KBr disk) (main peaks only): 
1619 (m), 1588 (m), 1335 (s), 797 (m), and 718 cm (ms). Apax 282, 290, 350, 422 
muy; log e 4.56, 4.60, 4.38, 3.20 (in alkaline 95% ethanol). 


ind-N-Methyl-5-carboline py-N-Methiodide (1X) ’ 

A benzene solution of py-N-methyl-é-carboline anhydronium base was treated with 
an excess of methyl iodide to give an immediate precipitate of the methiodide which was 
recrystallized from 95% ethanol and formed light yellow needles, m.p. 270.5-271.5°, 
identical with the authentic specimen obtained by treating ind-N-methyl-é-carboline 
(10a) in 95% ethanol with methyl iodide and allowing the solution to stand at room 
temperature overnight. The melting points of the two specimens were undepressed on 
admixture and their infrared spectra were identical. Calc. for Ci3Hi3N2I: C, 48.14; 
H, 4.01. Found: C, 48.08; H, 4.12. 


ind-N-Methyl-6-carboline (11) 

The anhydro-base methiodide (IX) (13.7 mg) was heated at 300-310°/0.15 mim in a 
microsublimation apparatus. The methiodide decomposed smoothly and practically no 
residue was left. The condensate was washed off with ether and the ether evaporated 
to give the demethylated product (6.3 mg; 82% yield) as a colorless oil which crystallized 
on standing to a colorless solid, m.p. 77.5-78.5°, undepressed on admixture with an 
authentic specimen (10a). The two samples had identical infrared spectra. 


pK, Determinations 

The titrimetric determinations were carried out by dissolving the methiodides (ca. 
26 mg) in carbon-dioxide-free 60% aqueous ethanol (6 ml) and titrating with 0.998 N 
sodium hydroxide. The pH measurements were carried out with a Leeds-Northrup pH 
meter equipped with micro pH electrodes; the solution being titrated was stirred by 
means of a magnetic stirrer. The py-N-methyl-é6-carboline anhydronium base was simi- 
larly titrated with 0.989 N sulphuric acid. 

The spectrophotometric determinations were carried out by measuring the extinction 
coefficients of acid, alkaline, and buffered (pH 10.61) solutions of the methiodides at 
two or more wavelengths. 
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THE PHOTOLYSIS OF DEUTERATED ACETONE AND OF 
DEUTERATED ACETONE-HYDROGEN MIXTURES! 


J. F. HENDERSON? AND E. W. R. STEACIE 


ABSTRACT 

The photolyses of acetone, acetone-d¢, and acetone-ds — hydrogen mixtures were investigated 
at 471° K. The rates of formation of methane, ethane, and carbon monoxide and the ratio 
Rmmethane/Rithane Were independent of the fractional amount of acetone which photolyzed, as 
measured by 100[CO]/[A]lo, which was varied from <1% to 18%. When the acetone-d, —- 
hydrogen mixtures were photolyzed, Rep,/Réagn,[Alo, Rep4u/Ré pv, (Halo, and Ren3x/Rop, 
[A]o/[H2]o were observed to be functions of [A]o and [He]o. It is postulated that some of the 
CD, and CD3;H was formed by a reaction between methyl radicals and an excited molecule 
which contained both C—D and C—H bonds, 


INTRODUCTION 


The results of many investigations indicate that, during the photolysis of acetone 


and acetone-hydrogen mixtures, methane and ethane are formed by the following 
reactions (1, 2, 3, 4, 5): 


CD; + CD; > C2Dg, ; (a) 
CD; a CD;COCD; —> CD, a CD.COCD;, (b) 
CD; + H. ~CD;3H + H. (c) 
Hence 
(i) Rev,/ Rb:v, [A] - ky /ke, 
(ii) Revsn/ Rb, [Hs] = k./ke, 
(iii) Reovi/Rev, [A]/ [He] _ k./ky. 


It has been suggested by Long that, in addition to these reactions, methane is formed 
by reaction between methyl radicals and the ethane formed by step (a), and that this 
reaction is important even when the amount of acetone decomposed is small, e.g. <5% 
(6). Kutschke and Steacie have summarized evidence which indicates that reaction 
between methyl radicals and the product ethane is negligible under these conditions (7). 
If Long’s suggestion were correct, the rate constants calculated by equations (i), (ii), 
and (iii) would be functions of the length of photolysis. However, in none of the many 
investigations which have been made has this question been subjected to a detailed 
experimental test. Consequently, experiments have been carried out here to determine 
whether these rate constants vary with the extent of decomposition of the acetone. 


1Manuscript received July 20, 1960. 
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2National Research Council Postdoctorate Fellow 1957-59. Present address: Polymer Corporation Limited, 
Sarnia, Ontario. 
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EXPERIMENTAL 


The apparatus and methods of analysis were similar to those described elsewhere (2). 
The cracking pattern for CD;H suggested by McNesby and Gordon was used when 
determining the isotopic composition of the methane fractions mass spectrometrically (4). 

The reaction cell, which was 10cm in length and 5cm in diameter (195 cc volume), 
was filled with a nearly parallel beam of light from B.T.H. ME/D 250-w mercury lamp. 
The light was filtered either by a Corning filter 9863 in combination with a solution of 
potassium chromate (filter A) or a Corning filter 7910 (filter B) (8). The light intensity 
was varied either by neutral density filters or wire gauzes and both gave similar results. 
In some experiments the light absorption was measured by a photocell placed at the 
rear of the cell. 

Reagent grade acetone (Merck), deuterated acetone (Merck of Canada; 98.2% acetone- 
dg and 1.8% acetone-d;), and the hydrogen were purified by methods described earlier 
(2). Perfluoro-n-butane (Minnesota Mining and Manufacturing Co.) was outgassed at 
— 160° C. 

In a few experiments, the methyl ethyl ketone produced during the photolysis of 
acetone was analyzed by gas chromatography on a 30-ft column consisting of 30% 
dinonyl phthalate on firebrick held at 94° C. 

The temperature of the reaction cell was controlled by a Fenwal 560 temperature 
regulator, and the experiments were done at 471+0.5° K. 


RESULTS 

Deuterated acetone was photolyzed at pressures of 50 mm and 100 mm Hg, and the 
results are shown in Table I. The extent of the decomposition of the acetone, measured 
by 100 [CO]/[A]o, was varied over a considerable range, and Rep, /Réiw, Alo, Ryu /Rz, 
and (Ru+2Rer)/Rco were independent of the conversion except at the very low con- 
versions. It is interesting to note that at a given light intensity the rates of formation 
of methane, ethane, and carbon monoxide were independent of the length of photolysis. 
The light absorption, measured in a few experiments, was also independent of time for 
conversions up to 18%. 

To determine more about the decrease in Rie, /Me [A]o at very low conversions, 
light acetone at 100 mm Hg was photolyzed, and the results are shown in Fig. 1. When 
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TABLE I 
The photolysis of deuterated acetone 











(Ru/Re) (Rovy/Reo) Ry 100{CO} 








Molecules/cc sec X 107!” R R 
Time, —— ae (1A) (1/Ale) 
Run _ seconds CO Methane Ethane Rev, Rees xX 1018 x< 1038 Rg [Alo 
Filter A 
(Mean conc. d-acetone 1.07 X10!8 molecules/cc) 
32 3600 3.13 1.08 2.17 .0198 .0157 6.87 6.77 .498 1.05 
33 5400 2.89 1.02 1.95 .0189 .0163 6.89 6.81 .523 1.47 
a7 7200 3.31 1.14 2.27 .0203 .0156 7.05 6.99 .502 2.23 
31 9000 3.55 1a 2.46 .0196 .0159 6.96 6.91 .476 2.99 
26 10800 3.80 1.22 2.66 .0200 .0158 7.06 6.99 .459 3.87 
30 12600 3.21 1.09 2.17 .0195 .0157 6.93 6.85 .502 3.77 
25 14400 3.81 1.27 2.68 .0202 .0160 7.23 7.13 474 5.13 
29 16200 3.67 1.20 2.54 .0203 7.06 .472 5.56 
28 19800 3.16 ee 2.15 .0205 .0155 7.07 7.00 .516 5.84 
24 21600 3.66 1.20 2.54 .0198 .0140 6.97 6.92 .472 7.31 
(Mean conc. d-acetone 2.16 X10!8 molecules/cc) 
3 1800 7.69 3.21 4.76 6.81 .674 .641 
5 1800 6.76 2.95 4.12 6.82 .716 .572 
6 1800 7.03 3.04 4.17 6.80 .729 .578 
21 3600 6.18 2.79 3.68 .0206 6.74 .758 1.04 
22 7200 6.10 2.82 3.60 .0201 .0169 6.79 6.73 .783 2.02 
24 9000 6.41 2.99 3.74 .0310 .0163 - 6.95 6.87 .799 2.62 
20 10800 5.97 2.78 3.57 .0172 6.90 .779 3.03 
(Mean conc. d-acetone 2.16 X10'* molecules/cc) 
12 12600 7.07 3.20 4.28 .0166 6.97 .748 4. 
19 14400 6.05 2.85 3.60 .0196 .0169 6.99 6.90 .792 4.05 
18 18000 6.66 2.97 3.97 .0198 .0153 6.97 6.89 .748 5.61 
17 21600 5.84 2.68 3.40 .0206 .0150 6.87 6.78 . 788 5.95 


Filter B 
(Mean conc. d-acetone 1.48 X10" molecules/cc) 
63 1920 10.6 2.84 8.07 .0216 .0141 6.75 6.66 .460 2.84 


(Mean conc. d-acetone 2.13 X10!* molecules/cc) 


85 300 9.53 3.28 6.74 5.93 .487 134 
82 300 9.43 3.15 6.77 5.98 .465 "139 
83 450 9.92 3.62 6.74 6.54 .537 210 
81 600 10.5 3.73 7.21 6.51 : .517 5 
75 600 13.4 4.19 9.77 .0237 .0157 6.23 6.14 .429 375 
65 1320 14.6 4.68 10.3 .0212 .0154 6.84 6.73 454 898 
78 1800 10.9 4.06 7.31 .0241 6.98 .555 916 
76 3600 8.60 3.47 5.46 .0216 .0148 6.97 6.90 . 636 1.45 
51 3600 16.2 4.94 11.7 .0247 .0174 6.83 6.77 .422 2.74 
53 7200 15.9 4.93 14.7 .0213 .0174 6.76 6.79 421 5.37 
(Mean conc. d-acetone 2.13 X 10'® molecules/cc) 

69 9000 13.9 4.53 9.67 .0209 .0170 6.84 6.76 .468 5.86 
52 10800 18.2 5.31 13.4 .0213 .0152 6.81 6.72 .396 9.21 
68 19800 13.3 4.42 9.09 .0208 .0155 6.87 6.81 .486 12.3 
56 18000 15.3 4.79 10.9 .0205 .0151 6.81 6.77 .439 13.0 
55 21600 17.7 5.21 13.7 .0209 .0149 6.83 6.73 .410 17.8 





the mixtures of methane, ethane, and carbon monoxide were analyzed by distillation, 
Reu,/Réaiu [Alo decreased rapidly at low conversions, but this was not observed when 
these mixtures were analyzed by mass spectrometric analyses. It is concluded that a 
small but constant amount of methane was being occluded in the solid nitrogen trap 
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used to separate methane and carbon monoxide from ethane by distillation, and at low 
conversions this was appreciable relative to the total yields of methane and ethane. The 
amount of methane occluded varied with the temperature of the solid nitrogen. Recently 
similar observations were made elsewhere (9). 

A few experiments were done in which the methyl ethyl ketone produced during the 
photolysis of acetone was determined, and the results (Table II) agree with those of 
Mandelcorn and Steacie (10). 


TABLE II 
The formation of methyl ethyl ketone during the photolysis of acetone 














- Molecules/cc sec X 10}? RutRie ths Ron, _1 100(CO} 
ime, —— A). —— 
Run seconds CO Methane Ethane MEK 2Rco Rag, “le Tale 
(Conc. acetone 2.13 X10!8 molecules/cc) 

108 1320 14.3 12.4 4.03 ee 4 0.93 29.0 .886 
106 4500 11.3 10.8 2.95 6.14 0.98 29.5 2.38 
105 10800 10.8 10.6 2.79 5.33 0.96 29.8 5.48 
103 14400 12.9 12.1 3.54 5.83 0.94 30.2 8.70 





Mixtures of deuterated acetone and hydrogen at pressures of 100 mm Hg and 50 mm 
Hg, respectively, were photolyzed, and the results are shown in Table III. The two 


TABLE III 
The photolysis of deuterated acetone in the presence of hydrogen 




















3 
(Rep3x/Rep,5) 
(1/[H2]o) 
, x< 1013 

Molecules/cc secX10-' sR, Rosnin (Pom/ Kop.) ———_—_——_ 2 100/CO 

Time, —e oe el Ol (CO} 
Run seconds CO Methane Ethane Rep, Roop, X 1018 I II Re [Alo 

Filter A 
(Mean conc. d-acetone 2.15X10!8 molecules/cc; mean conc. hydrogen 1.02X10!8 molecules/cc) 

40 1800 4.54 4.88 1.64 1.63 .0186 6.78 23.3 23.4 2.98 .390 

39 3600 4.62 5.12 1.54 1.66 .0132 7.28 26.3 25.3 3.32 .770 
38 5400 4.69 5.23 1.43 1.72 .0214 7.55 27.8 26.4 3.66 1.18 
35 7200 4.89 5.28 1.65 1.82 .0192 7.15 26.4 25.8 3.20 1.76 
45 9000 5.45 5.85 1.82 1.68 .0223 7.60 28.2 26.7 3.21 2.27 
42 10800 4.99 5.50 1.73 1.72 .0237 7.23 26.3 25.5 3.18 2.51 
43 14400 4.31 4.79 1.36 1.68 .0226 7.22 26.3 25.4 3.52 2.89 
46 16200 4.66 5.03 1.56 1.73 .0263 6.97 25.7 25.1 3.22 3.52 
44 ~=18000 4.62 5.10 1.48 1.72 .0278 7.29 26.5 25:5 3.45 3.87 
41 19800 4.64 5.06 1.50 1.70 .0274 7.23 26.1 25.2 3.37 4.27 
37 = 21600 4.85 5.02 1.54 1.71 .0267 7.06 25.0 24.7 3.26 4.87 

Filter B 

61 3600 17.2 12.7 8.81 1.66 -0195 7.56 27.7 26.1 1.44 2.87 
49 7200 17.3 12.8 8.73 1.68 .0222 7.57 28.1 26.6 1.47 5.76 
60 11040 15.8 11.9 7.91 1.69 .0235 6.75 27.3 27.5 1.50 8.09 
57 14460 14.7 11.7 7.12 .0247 28.8 1.64 9.86 
50 14400 18.8 13.9 10.0 1.71 .0267 7.66 28.9 27.3 1.39 12.6 
59 21660 16.5 12.7 8.57 1.66 .0300 7.70 28.4 26.6 1.48 16.6 
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procedures called methods I and II for calculating  — i [Helo are the same as 
those used by Whittle and Steacie (2). The formation of CD;H was determined either 
by using results obtained when deuterated acetone was photolyzed alone (method I) or 
by mass spectrometric analyses of the methane fractions (method II). The CD3;H arising 
from the small amount of acetone-d; present in the deuterated acetone was evaluated 
by equation (iv) and subtracted from the total CD;H formed 


(iv) Run / Minn = 0.014[A]oX 10~"*(molecules /cc)* sec? 


No CD:2H:2 could be detected. 

The values of Rein {Mn [A]o, Rev /Rdp,(H elo, Repsx/Rem, Ru/Rz, and (2Re+Ry)/ 
Reco were independent of the fraction of the acetone that was photolyzed, and again 
the rates of formation of methane, ethane, and carbon monoxide were independent of 
conversion. The addition of hydrogen to deuterated acetone caused the ratio Ro.p,u/Reps 
to increase very slightly. 

In both the presence and absence of hydrogen the formation of methane and ethane 
during the photolysis of deuterated acetone was linear in the carbon monoxide produced 
(Fig. 2). 
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Fic. 2. Variation of the yields of methane and ethane with carbon monoxide. 


O CD, from 100 mm Hg d-acetone. A C2D¢ from 100 mm Hg d-acetone. 
@ Methane from 100 mm Hg d-acetone and 50 mm Hg hydrogen. 
A Ethane from 100 mm Hg d-acetone and 50 mm Hg hydrogen. 


It is interesting to note that in the presence of hydrogen a; [A]o and 
Rovn/Rép, (Helo but not Rep x/Rcep, depended on the light intensity. Experiments 
were made to investigate this effect in more detail, and the results are shown in Figs. 3 
and 4. At zero light intensity, differences between the results calculated by methods I 
and II became very small. 
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Fic. 3. Variation of Rov,/RetpslAlo with light intensity. 


@ 100 mm Hg d-acetone. 
© 100 mm Hg d-acetone and 50 mm Hg hydrogen. 


Fic. 4. Variation of Ropyn/ResvlHelo with light intensity. 


O Method I. @ Method II. 
O (Repjyx/Ren,) ([A]o/{Helo) X6.83 X 107. 


Some experiments were carried out to determine the variations, if any, of (Rep, /Risps) 
(1/[A]o), Ropn/Rd, pHa], and (Rep3x/Rep,) ({[A]o/[He]o) with the pressures of deuterated 
acetone and hydrogen. The results, shown in Figs. 5, 6, and 7, are rather surprising. 
Although the photolysis of deuterated acetone alone was not affected by the addition 
of perfluoro-n-butane, both Rep,/Rép [Alo and Revi /Réoip,{Halo were decreased when 
this substance was added to the deuterated acetone-hydrogen mixtures. 

In one experiment, following the photolysis of deuterated acetone alone, about 50 mm 
Hg of hydrogen was added to the system, and it was shown that this had no effect on 
the analyses of the methane and ethane. 


DISCUSSION 


The object of this investigation, as mentioned earlier, was to determine the importance 
of the reaction between methyl radicals and the ethane produced during the photolysis 
of acetone or acetone-hydrogen mixtures. 


If this reaction were important, then, Rep, Revs [A]lo, Rep3x IR} Helo, Ry /Re, and 
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Fic. 5. Variation of Rep, /RigvglAlo with d-acetone, hydrogen, and perfluoro-m-butane pressure. 


© 50 mm Hg hydrogen, d-acetone pressure varied. 

A 100 mm Hg d-acetone, hydrogen pressure varied. 

O 100 mm Hg d-acetone, perfluoro--butane pressure varied. 

@ 50 mm Hg d-acetone, 50 mm Hg hydrogen, and 50 mm Hg perfluoro-n-butane. 
@ 50 mm Hg d-acetone, 50 mm Hg hydrogen, and 150 mm Hg perfluoro-n-butane. 
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Fic. 6. Variation of Rovyx/Re,vglHalo with d-acetone, hydrogen, and perfluoro-n-butane pressure. 


© 50 mm Hg hydrogen, d-acetone pressure varied. 

A 100 mm Hg d-acetone, hydrogen pressure varied. 

@® 50 mm Hg d-acetone, 50 mm Hg hydrogen, and 50 mm Hg perfluoro-n-butane. 
@ 50 mm Hg d-acetone, 50 mm Hg hydrogen, and 150 mm Hg perfluoro-n-butane. 
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Fic. 7, Variation of Rep3x/Rep, [A]o/[H2]o with d-acetone, hydrogen, and perfluoro-m-butane pressure. 


© 50 mm Hg hydrogen, d-acetone pressure varied. 

A 100 mm Hg d-acetone, hydrogen pressure varied. 

@ 50 mm Hg d-acetone, 50 mm Hg hydrogen and 50 mm Hg perfluoro-n-butane. 
@ 50 mm Hg d-acetone, 50 mm Hg hydrogen, and 150 mm Hg perfluoro-n-butane. 


Repia/Rep, in all probability would have been functions of the length of photolysis, 
but this was not observed. Furthermore, in the presence of hydrogen, a larger yield of 
C.D;H than was found would be expected due to the reaction of C.D, radicals with 
hydrogen. Finally, the linear relations between both the methane and ethane and the 
carbon monoxide produced (Fig. 2) would not have been observed. 

Both these observations and the evidence already summarized (7) make it apparent 
that this reaction of methyl radicals with the ethane, though possible under certain 
conditions, is negligible when the decomposition of the acetone is small. 

It is difficult to discuss the observed independence of the absorbed light intensity 
and of the rates of formation of methane, ethane, and carbon monoxide with time as 
the length of photolysis was increased. Very many reactions become possible at the 
larger conversions due to the accumulation of products. 

It is apparent that the results observed during the photolysis of the deuterated 
acetone-hydrogen mixtures are not predicted by reactions (a), (b), and (c) alone. The 
fact that the ratio (Rep;x/Ren,) ([A]o/[He]o) varies with [H»2]o and [A] but is independent 
of conversion suggests that the anomalous behavior cannot be ascribed entirely to the 
production of ethane by a reaction other than (a) or by the consumption of ethane by 
radical attack. Consequently, it is postulated that appreciable amounts of methane 
were formed by reactions in addition to (6) and (c), and equations (i) and (ii) should be 
rewritten as follows: 


(v) fa) oe ae (ky/k3) [A]o+ (Rev, Tires ’ 


(vi) (Reinet Tbe unn _ (k./k?) [Helo+ (Repsn |. a . 


Although neither ae nor , a: could be estimated with high 
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precision, they were found to be approximately equal in all the experiments and tended 
to zero at zero light intensity, zero hydrogen pressure, and infinite acetone pressure. 
To account for these observations it is proposed that the excess methane was produced 
by reaction of methyl radicals with an activated molecule X* which was formed by a 
reaction involving hydrogen atoms, and this contained both C—H and C—D bonds. 


CD; + X*->CD,+R (d) 
— CD;H + R’ (e) 
X*+M—>X+M (f) 


If the reactivities of both hydrogen atoms and methyl radicals toward acetone are 
similar, some hydrogen atoms would be available for combination with methyl and 
acetonyl radicals to form CD;H* and CD;COCD2H*. Very little quantitative informa- 
tion is available for the reaction between hydrogen atoms and acetone, but it can be 
shown that hydrogen atoms are about 10 times more reactive toward ethane at 471° K 
than are methyl radicals (11, 12). If CD3;H* is unlikely because of the rapidity of 


H + CD;COCD; — HD + CD:COCD; 


then the formation of CD;COCD.H* must be rejected for a similar reason. On the 
other hand, if CD;H* and CD;COCD,H* are formed, it is likely that they would be 
partially stabilized very rapidly though it is possible that many collisions (10°) may be 
required before they are deactivated to their ground vibrational states (13). 

If X* represents an excited molecule of CD;3H, reaction (d) would give rise to CD.H 
radicals, and some would undoubtedly combine with CD; radicals to form C2DgH. It 
was observed, however, that although (Rep, ro oe was independent of the con- 
version and increased with increasing light intensity, the small yield of C.D;H increased 
with increasing conversion and decreased with increasing light intensity. Furthermore, 
due to reaction (f) the addition of a third body to the reaction mixture would cause 
the ratio | a, Oy (ga JMR Nii to increase and this was not observed. 

On the other hand, if X* represents an excited molecule of CD;COCD:;H* the observed 
kinetics are predicted. However, more direct evidence is required before it will be 
possible to identify the excited molecule X* with any degree of certainty. 

The formation of some such excited molecule during the photolysis of acetone—hydrogen 
mixtures will account for the observations made here. It also suggests an explanation 
for the differing values obtained here, and earlier (1, 2), by methods I and II for the 
rate constant for the reaction of methyl radicals with hydrogen. Such an explanation 
could also account for the lowering of the apparent value of the activation energy of 
the reaction of methyl radicals with acetone as observed by Whittle and Steacie (2) for 
the two systems, acetone-d, — hydrogen and acetone—deuterium. It is possible that for 
the same reason the activation energies reported for the reaction of methyl radicals 
with hydrogen are slightly low, for example, by about 1 kcal/mole. 
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SOME DEUTERIUM KINETIC ISOTOPE EFFECTS 


IV. §-DEUTERIUM EFFECTS IN WATER SOLVOLYSIS OF ETHYL, ISOPROPYL, AND 
tert-BUTYL COMPOUNDS! 


K. T. LEFFEK,? J. A. LLEWELLYN,? AND R. E. ROBERTSON 


ABSTRACT 


The secondary 8-deuterium isotope effects have been measured in the water solvolytic 
reaction of alkyl halides and sulphonates for primary, secondary, and tertiary species. In 
every case the kinetic isotope effect was greater than unity (ku/kp > 1). This isotope effect 
may be associated with varying degrees of hyperconjugation or altered non-bonding intra- 
molecular forces. The experiments make it difficult to decide which effect is most important. 


As an extension of our work (1, 2, 3) on deuterium kinetic isotope effects we have 


measured the kinetic consequences of 8-deuteration for a series of compounds solvolyzing 
in water, 


RX + H.O — ROH + H+ + X-. {1] 


The kinetic effect produced by substituting deuterium for 8-hydrogen in molecules 
undergoing solvolytic substitution has been studied by Shiner (4, 5, 6), Lewis et al. (7, 
8, 9), Streitwieser et a/. (10), and others (11, 12, 13). This paper presents a survey for a 
series of alkyl halides and sulphonates and the results of these measurements have been 
collected in Table I. 


DISCUSSION 


It will be noted that in all cases the deuterated compounds react more slowly than 
their protium analogues, the magnitude of the total isotope effect increasing both abso- 
lutely and relatively as the transition state becomes more ionic. Thus the effect of 
deuteration for a given alkyl group is greater in the sulphonates than for the halides 
and increases with increasing a-methylation. Since some of the compounds have been 
extensively deuterated, it will be necessary to consider as sources of the observed isotope 
effect not only those factors involved in the activation process contributing to changes 
in the zero-point energy such as changes in hyperconjugation and non-bonded inter- 
action but also the consequence of mass increase. This factor has been discussed by us 
in an earlier paper as a ‘‘thermodynamic”’ effect involving changes in translational and 
rotational properties which affect the thermodynamic properties of the molecule inde- 
pendently of the zero-point energy shifts. 


“Thermodynamic” Factors 

Although a detailed evaluation of these elements is not yet possible, the relative values 
of ky/Rp evident in Table I provide a basis for a semiquantitative discussion of the 
importance of possible contributors to the deuterium isotope effect. 

1 Manuscript received August 4, 1960. 

Contribution from the Division of Pure Chemistry, National Research Council, Ottawa, Canada. Presented 
in part at the Chemical Institute of Canada Meeting in Ottawa, June 1960. 


Issued as N.R.C. No. 5969. 
2 National Research Council Postdoctorate Fellow. 
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TABLE I 
Secondary 8-deuterium isotope effects in the water solvolysis of some alkyl compounds 











Compound 10*ky (sec!) 10*kp(sec!) Temp., °C ku/kp 
Ethyl p-toluenesulphonate 3.480 3.420 59.935 1.013 
Ethyl methanesulphonate 1.958 1.907 60.005 1.02; 
Ethyl bromide 2.722 2.636 80.00; 1.03; 
Ethyl iodide 1.554 1.499 80.000 1.037 
Isopropyl p-toluenesulphonate 7.664 4.942 30.00, 1.55; 
Isopropyl methanesulphonate 3.686 2.386 30.00; 1.54; 
Isopropyl bromide 3.448 2.580 59.932 1.336 
Isopropyl iodide 3.125 2.380 60.00; 1.31; 
t-Butyl chloride 9.860 3.840 2.070 2.565 





In order to consider these effects, it is necessary to postulate models for initial and 
transition states of reaction. Obviously there is scope for considerable conjecture here, 
and it appears advisable to set limits where possible by oversimplification, and thereby 
obtain maximum values. For these reactions, the C—X bond (X represents the leaving 
group) is undoubtedly stretched almost to breaking; the number and role of the water 
molecules in the transition state form a field for speculation. Consider first translational 
changes: a simple ionization with no water involved and bond stretching in the transition 
state would have zero translational contribution to the isotope effect. For an extensively 
solvated transition state and an unsolvated initial state (almost as unrealistic a model 
as the first (14)), the translational differences will approximate to those in the initial 
state. This contribution will tend to slow the reaction for the heavy compound and a 
maximum value of about 86 cal/mole (AF — AF) can be calculated for tert-butyl chloride 
at 273° K. Initial-state solvation, which is undoubtedly important in these reactions, will 
serve to reduce this effect considerably. Rotational changes may be considered for similar 
models. Simple C—X extension if carried sufficiently far might produce an inverse 
effect (Ry/Rp < 1) by displacing the center of gravity in a direction away from the site 
of isotopic substitution. For more complicated models the expression for the rotational 
contribution (eq. 2) may be examined as follows in order to assess its maximum contri- 
bution 


° II Ip ls : 
9 ox | ante sane | 
[2] ky /kp (rotation ) lJ. Wit | ° 


The maximum value for the second factor in the square bracket (referring to the transition 
state) is unity. Such a condition would exist for a massive, highly solvated transition 
state when deuteration made a negligible contribution to the mass. Thus the maximum 
value of the rotational contribution is now dependent on the ratio of the initial-state 
terms to the one-half power so that in case of a doubling of this inertial product by 
deuteration the maximum rotational isotope effect would be ky/kp = V2. Rough 
estimates for t-butyl and isopropyl halides indicate smaller effects which would again 
be further reduced by initial-state solvation. If rotational contributions were important, 
a decrease in isotope effect would be expected to follow substitution of toluenesulphonate 
for a halide as leaving group. Such changes do occur for the ethyl compounds, suggesting 
that inertial changes cannot be neglected. For the u-propyl series (3), and more parti- 
cularly for higher members of the a-methylated series, such a change in the leaving 
group produces an increase in ky/kp, which becomes more marked as the transition 
state becomes more ionic indicating that other more powerful factors are determining 
the larger isotope effects. 
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As usual we neglect the thermodynamic contribution from vibrations in comparison 
with the zero-point energy change coming from the same source. 


Zero-Point Effects 
The factors involved here may be conveniently considered in three groups. 


Protium—Deuterium 

(a) Inductive and Hyperconjugative Differences 

Halevi and co-workers have focussed attention on the fact that the mean lengths of 
bonds to hydrogen and deuterium are different (15). This arises as a consequence of 
effect of a lower ground-state potential energy for the deuterium-containing molecule, 
allied with the asymmetry of the potential surface describing the energy of the molecule 
with respect to displacements of the atoms in bond-stretching and bond-shortening 
directions. Since the potential surface rises more steeply for bond shortening, the mean 
positions of atoms for a molecule in a given vibrational state will correspond to increasing 
bond distances as the energy of the state increases, so that the lower potential energy 
deuterium compound will have effectively shorter bonds than the protium compound. As 
a consequence of this altered bond length, dipolar and other interactions will be altered 
and the behavior of C—H bonds and C—D bonds with respect to inductive and hyper- 
conjugative effects will be different, quite apart from the consequences of altered vibra- 
tions produced by the activation process.* From experiment (16, 17, 18, 19) Halevi 
deduces that hyperconjugative electron release is reduced in the CD; group, whereas 
inductive release is increased in the CD; group, compared with the CH; group. It might 
therefore be expected that these differences would be most marked where charge separa- 
tions are greatest, and vice versa. Our experiments show that the magnitude of the 
isotope effect ky/Rkp increases in cases where the electron deficiency is expected to be 
greater and hyperconjugation more powerful. 


(b) Non-bonding Interactions 

As a consequence of the isotopic alteration in bond length there will be differences in 
non-bonding forces in the two species (20) but there are other larger changes which 
might produce zero-point variations (3). Almost all activation processes produce altera- 
tions in the molecular geometry and the hydrolyses which have been examined involve 
changes in the position of the leaving group, the possible insertion of the nucleophile, 
and the movement of three of the groups attached to the reaction-center carbon atom 
from tetrahedral positions to something approaching coplanarity. This latter movement 
will affect intramolecular non-bonded forces between 6-hydrogen atoms. If we compare 
the geometry about the tertiary carbon atom in #ert-butyl chloride (21, 22, 23) with 
that about the central carbon in a coplanar carbonium ion we find the methyl groups 
are about 12% farther apart (as measured by the separation of their respective carbon 
atoms) even when 0.05 A is allowed for the bond contraction for C—C sp*-sp? bonding 
(24) in the transition state. When the high inverse power expressions for non-bonding 
repulsions are applied to this change in separation, it is obvious that forces affecting 
vibrations may be considerably reduced. The magnitude of this reduction will depend 
on other modifying factors such as the proximity of the nucleophile and the leaving 
group and it is interesting to note the qualitative inverse relationship between the 

*This aspect of the secondary deuterium isotope effect has been criticized by Weston (Tetrahedron, 6, 31 (1959)), 
who showed that isotopic perturbation of the potential energy hypersurface is negligible. Since Halevi considers 


that these effects (difference in bond lengths) arise in the lowest vibrational state as a result of anharmonicity, the 
isotopic invariance of the potential energy hypersurface will still be consistent with his hypothesis. 





2174 CANADIAN JOURNAL OF CHEMISTRY. VOL. 38, 1960 


magnitude of ky/kp and the expected proximity of these groups, with kg/Rkp per D 
greatest for that system which of those examined best fits the SyI case with decreasing 
values as this description becomes increasingly less apt and the transition state becomes 
more crowded. 

(c) Hyperconjugative Effects 

The work of Lewis and Shiner and their respective groups has established that sub- 
stitution of D for H in hyperconjugative positions usually produces kinetic isotope 
effects. The weakening of the C—H link, which is represented in valence bond theory 
by the contribution of non-bonded structures to the hybrid, is thought to decrease zero- 
point energy by facilitating the vibrations which involve relative extensive movement 
of B-hydrogens. The isotope effects which we have observed are consistent with such 
a hypothesis. The direction of the effect and its order of magnitude are in agreement 
with previous work in other solvents, e.g. 2-pentyl-8d; bromide and p-toluenesulphonate 
solvolyzing in formic acid have isotope rate ratios ky/kp 1.39 and 1.69, respectively (7), 
which can be composed with our values for isopropyl-8ds bromide (ky/Rkp = 1.34) and 
p-toluenesulphonate (Rkg/Rkp = 1.54) solvolyzing in water. For tertiary compounds a 
comparison may be made between ¢t-amyl-8ds chloride solvolyzing in 80% aqueous 
alcohol with a rate ratio ky/kp = 2.35 (4) and #-butyl-8d, chloride solvolyzing in water 
(ku/Rp = 2.57). The larger 8-deuterium isotope effects in formic acid are consistent with 
the expectation that ionization was more advanced at the transition state in formic acid 
than in HO where some degree of nucleophilic interaction between oxygen and the 
reactive carbon will be expected, even for the isopropyl compounds. Although water is 
a better ionizing medium than 80% ethanol it is not possible to decide whether the 
small increase in ky/Rp observed by us is to be attributed to increased charge develop- 
ment in the transition state or some other solvation effect. Experimental temperature 
differences will also make a minor contribution. 

The increase in the stability of carbonium ions along the series ethyl, isopropyl, tert- 
butyl is usually associated with an increase in both the inductive and hyperconjugative 
effects. The expected increase in the 8-deuterium isotope effect from ethyl to tert-butyl 
as a consequence of the increase in hyperconjugation is exemplified by the ky/kp rate 
ratios for ethyl and isopropyl bromide and tert-butyl chloride, which are 1.033, 1.336, 
and 2.563 respectively. Differences in the rate ratios are also found when the ease of for- 
mation of the carbonium ion is altered by changing the anionic group. Thus, isopropyl 
methanesulphonate, which is considered to be more easily ionized than the bromide, has 
a rate ratio ky/Rp = 1.545; compared with 1.33, for the bromide. 

In a discussion of the 8-deuterium isotope effect in solvolysis the possible occurrence 
of an olefin-forming elimination reaction accompanying substitution must be examined. 
Where the mechanism of the reaction is such that the formation of the olefin takes place 
after the transition state (e.g. teri-butyl chloride) olefin production will not affect the 
ky/Rp ratio. However, for reactions where this is not so (Zz) the elimination reaction 
would exhibit a primary deuterium isotope effect with a rate ratio ky/Rp of the order 
of 4 to 6, since an isotopically substituted B-C—H bond is breaking. This would affect 
the measured ky/kp ratio to an extent depending on what fraction of the total reaction 
was elimination. We have measured the percentage of elimination occurring in the 
solvolysis of the compounds studied. These results are shown in Table II. 

Even in the case of the ethyl compounds where the §-deuterium isotope effects are 
small, the amount of elimination which takes place concurrently_with substitution is 
insufficient to account for the observed ky/Rp values. 
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TABLE II ; 
Olefin formation in the solvolysis in water of some alkyl compounds 











Reaction = % Olefin 
Compound time, hours ° formed 

Ethyl p-toluenesulphonate 1 100 <0.2 
Ethyl methanesulphonate 1 100 ~0.0 
Ethyl bromide 1 100 ~0.0 
Ethyl iodide 1 100 <0.3 
Isopropyl p-toluenesulphonate 16 60 2.540.2 
Isopropyl methanesulphonate 16 60 0.7+0.2 
Isopropyl bromide 16 60 0.7+0.1 
Isopropyl iodide 16 60 1.540.2 
t-Butyl chloride <1 25 2.9+0.2 





The most commonly accepted theoretical mechanism for hyperconjugation is the 
treatment due to Mulliken et al. (25), although an alternative model has been set up 
by Kreevoy and Eyring (26) which these authors call a-hydrogen bonding. Application 
of this latter model to 8-deuterium isotope effects would require an interaction between 
the 6-hydrogen orbital and the developing p orbital on the electron deficient a-carbon 
atom. One advantage of this treatment is its ability to explain the greater effectiveness 
of. hydrogen in hyperconjugation as compared with carbon-carbon hyperconjugation. 
With this model the reduction in 8-hydrogen vibration frequencies on activation can 
occur for bending modes and is therefore in harmony with Streitwieser’s treatment of 
B-deuterium isotope effects (10). Kreevoy and Eyring have pointed out (26) that their 
model for hyperconjugation is closely related to neighboring group participation as 
described by Winstein and co-workers (27). Neighboring hydrogen participation, how- 
ever, only occurs in situations favoring skeletal rearrangement of the reacting molecule 
whereas a-hydrogen bonding is much more widespread, does not involve rearrangement, 
and gives smaller effects. 

Thus, although it is not possible to choose between Mulliken’s model for hyperconju- 
gation and that of Kreevoy and Eyring from the measurement of 6-deuterium isotope 
effects, the latter is attractive in that it is able to link qualitatively the two fields of 
hyperconjugative effects and neighboring group participations. 


CONCLUSION 


It appears that hyperconjugative and non-bonding interactions are the principal 
sources of these isotope effects, with small modifications arising from rotational—trans- 
lational inertia changes. The role of non-bonding interactions (“intramolecular van der 
Waals forces’’ (2, 3)) has been discussed by Bartell (20) and he has shown that they 
can be sufficiently large to account for a major portion of the observed effects. As far 
as hyperconjugation is concerned the relationships are largely qualitative since no 
calculations appear to have been made which would even establish the order of magnitude 
of the consequences of hyperconjugation on isotope effects. Despite this the evidence is 
moderately convincing (29), isotope rate effects usually being observed for hyperconju- 
gative sites of substitution with magnitudes varying in the way which would be expected 
from considerations of hyperconjugative change. The jump in isotope effect observed on 
passing from an isotopically substituted group on the para position of an aromatic ring 
to a site adjacent to the reaction center (5, 28) seems large even allowing for the damping 
action of the ring. This may represent the effect of changing non-bonded forces arising 
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from the change from tetrahedral to trigonal configuration, which will be insignificant 
for the para position compared with that for the site adjacent to the reaction center. For 
the particular effects described in this paper it is difficult to decide which contribution 
is greater, hyperconjugation or intramolecular van der Waals forces, but undoubtedly 
both are present and make the major contribution to the isotopic rate change. 


. EXPERIMENTAL 


Ethyl-8d; alcohol was prepared by a lithium aluminum hydride reduction of acetic-8d3 
acid (30). The redistilled product, boiling range 79.5-81.5° C, was converted to ethyl-8d; 
p-toluenesulphonate by reaction with p-toluenesulphony! chloride in dry pyridine (31). 
The crude ester (m.p. 30.6° C) was purified by distillation under a vacuum. A comparison 
of the N.M.R. spectrum of this compound with that of an undeuterated sample indicated 
that the B-carbon atom was fully deuterated. 

Ethyl-8d; iodide, bromide, and methanesulphonate were made from the p-toluene- 
sulphonate by the methods previously described for the corresponding ethyl-ad, com- 
pounds (2). 

Isopropyl-8ds alcohol was obtained by the reduction of acetone-8d, with lithium 
aluminum hydride (32). The crude product was redistilled, boiling range 83.5-84.5° C, 
and converted to the bromide by the phosphorus tribromide method. The N.M.R. 
spectrum of this compound showed that the 8-carbon atom was fully deuterated. 

Isopropyl-8ds methanesulphonate, p-toluenesulphonate, and iodide were prepared 
from the bromide by the methods used in the preparation of the deuterated ethyl 
compounds. 

Tertiary butyl-8dy chloride (minimum isotopic purity 99%) was purchased from 
Merck and Co. 

For all of the above deuterated compounds the protium analogues were prepared by 
parallel reactions and were used to check the rate constants which had been determined 
in the course of previous work under the same conditions (14). Excellent agreement was 
obtained in all cases. 

The rate measurements were made conductometrically as described previously (3). 

The following procedure was used for the olefin determinations. Water (75 ml) was 
placed in a 100-ml bulb fitted with a break-seal. Samples of 0.05 to 0.1 g of the sulphonate 
or halide were weighed in a weight pipette and introduced into the bulb. The system 
was then sealed and allowed to react. After reaction the break-seal side arm was fused 
to a distillation system consisting of a short column and condenser with an outlet passing 
under the absorbing solution of Byrne and Johnson (33). A slow stream of dry nitrogen 
was introduced through a mercury trap above the bulb. After opening the bulb, the 
reacted solution was boiled for 15 minutes. The amount of olefin was determined by back- 
titration with thiosulphate, suitable corrections being made for a blank in the presence 
of the alcohol produced and the original unreacted ester. 
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HYDROGENOLYSIS OF CARBOHYDRATES 


IX. FORMATION OF 2,6-ANHYDRO-§-D-FRUCTOFURANOSE AND ETHYL a- AND 
§-D-FRUCTOFURANOSIDE FROM SUCROSE! 





H. R. GoLpscumip? AND A. S. PERLIN 


ABSTRACT 


A compound formed during the hydrogenolysis of sucrose in ethanol or dioxane at 180° C, 
in the presence of copper chromium oxide catalyst, has been characterized as 2,6-anhydro- 
8-p-fructofuranose (2,5-anhydro-a-D-fructopyranose), a new type of anhydro-ketose. Ethyl 
a- and 8-pD-fructofuranosides are also produced when the hydrogenolysis reaction is carried 
out in ethanol, and various derivatives of these anomeric ketosides have been prepared. 


Earlier papers of this series have described the hydrogenolysis of alkyl glycopyranosides 
in the presence of copper chromium oxide catalyst (1) at moderate temperature and 
pressure (2, 3, 4, 5, 6). A major effect observed in these reactions is the isomerization of 
carbinol groups but, particularly at temperatures above 180-200° C, glycosidic linkages 
also become unstable and extensive hydrogenolysis of hydroxyl groups occurs. Methyl 
8-L-arabopyranoside, for example, is isomerized to a mixture of methyl pentopyranosides 
at 180° C (4), whereas at 240° C it is converted in high yield to a mixture of 1,5-anhydro-2- 
deoxy-DL-pentitols (2, 5). In current studies the behavior of furanose glycosides towards 
these conditions of hydrogenolysis is being examined, and sucrose has been selected as a 
readily available substrate containing a furanosyl moiety. 

In ethanol at 180° C,* sucrose readily afforded three derivatives of D-fructose, each in 
about 10% yield (based on the fructose unit of sucrose). Detected initially on paper 
chromatograms as compounds having high Ry values (relative to that of sucrose) and 
giving a typical ketohexose test with urea oxalate (7), these products have been isolated 
by column chromatography on charcoal (8) and cellulose (9) and characterized as 
2,6-anhydro-8-D-fructofuranose (1) (2,5-anhydro-a-D-fructopyranose), and ethyl a- and 
6-p-fructofuranoside (III and II). 
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*By analogy with the behavior of methyl a-D-glucopyranoside (3), the a-D-glucopyranosyl unit of sucrose was 
expected to be stable at 180° C. 
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The anhydride, m.p. 118-119° C, was found by the isothermal distillation method (10) 
to be monomeric. It did not reduce hot Fehling’s solution nor react with sodium boro- 
hydride and, since it was recovered unchanged after prolonged treatment with methanolic 
ammonia, did not appear to contain an epoxy group. At room temperature, it was easily 
hydrolyzed by 0.1 N sulphuric acid affording D-fructose as the sole product. Tritylation 
of the anhydride in pyridine proceeded very slowly at room temperature, and two 
crystalline derivatives were isolated in low yield, one being a monotrityl and the other a 
ditrityl ether. The compound was resistant also to tosylation but, on prolonged treatment 
with tosyl chloride in pyridine, yielded a syrupy diester which, however, did not react 
with sodium iodide. These properties suggested that only the relatively unreactive 
C-l-carbinol group and/or secondary hydroxyl groups of the anhydride were being 
substituted, and hence that the normally reactive 6-position was involved in ring 
formation. 

Attempts to methylate the anhydride fully with dimethyl sulphate — sodium hydroxide 
or with methyl iodide - silver oxide were unsuccessful, but several treatments with 
potassium in liquid ammonia (11) followed with methyl iodide under reflux, yielded a 
syrupy trimethyl derivative. On acid hydrolysis this ether afforded crystalline 1,3,4-tri-O- 
methyl-p-fructose (12), showing that both the 5- and 6-hydroxyl groups of the anhydride 
are involved in ring formation, and hence that the anhydride is 2,6-anhydro-p- 
fructofuranose (2,5-anhydro-p-fructopyranose). 

Since the specific rotation of the anhydride, [a]p —107°, is more strongly levorotatory 
than D-fructose itself, the 2,6-oxygen bridge of the compound appears to possess the 
6-configuration. The 6-assignment is strongly supported by an examination of molecular 
models, which shows also that the 2,6-anhydro ring assumes a boat conformation (as in 
IV). The eclipsing of bonds and distortion of bond angles in such a molecule could account 
for the observed ease of acid hydrolysis of the anhydride, as had been anticipated by Mills 
(13), which contrasts with the relatively high acid stability of other anhydro sugars 
(epoxides excepted). That the 2,6-pyranoid ring of the compound is much less stable than 
the five-membered 2,5-ring (see 14, 15) was indicated by the rapid formation of ethyl a- 
and $-D-fructofuranoside when the anhydride was treated with ethanolic hydrogen 
chloride at room temperature. Moreover, the a-D-anomer predominated initially; which 
was to be expected from scission of a 8-D-anhydro ring (16), and the observed rate of 
formation of the mixture of furanosides (rate of rotational change) closely paralleled 
that found with ethyl 6-p-fructofuranoside. 

The anhydride consumed no periodate, although it possesses a free glycol group (the 
trans-3,4-diol group), and with lead tetraacetate in acetic acid only a slow uptake of 
oxidant was found, caused most probably by gradual opening of the anhydro ring. This 
behavior is in accord with the recent report by Angyal and Young (17) that the camphane- 
2,3-trans-diols are virtually unoxidized by glycol-cleaving agents since the structure of 
the anhydride is closely analogous to that of the camphane diols. Dimler (18) has suggested 
that the 2,3-trans-diol group of 1,6-anhydro 8-D-gluco- and a-galactofuranose, situated 
on a fused bicyclic system, resists glycol scission most probably because it is fixed rigidly 
in an arrangement highly unfavorable for complexing by the oxidants. The trans-glycol 
groups of the camphane-trans-diols and the anhydrofructose appear to possess a similar 
spatial arrangement, and their unreactivity can therefore be interpreted in the same way.* 


*Recently it has been found (H. R. Goldschmid and A. S. Perlin. Can. J. Chem. 38, 2178 (1960)) that these 
compounds are cleaved oxidatively by lead tetraacetate using pyridine as solvent (27). 
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It may be noted, however, that some vic—trans-diols which are not located on bicyclic 
ring compounds, i.e., the 2,3-trans-glycol groups on internal (1 —-4)-linked units of 
oligosaccharides, are also resistant to attack by lead tetraacetate (19). 

Several dimeric anhydrides of D-fructose are known to be formed by acid hydrolysis of 
p-fructans (20) and a 2,3-anhydro monomeric derivative of D-fructofuranose, as well as 
dimeric anhydrides, has been found recently among the products of direct nitration of 
p-fructose (21). The compound described here is yet another type of D-fructose anhydride. 
Also, it represents a class of rare anhydro-sugars, namely, that having the 1,4(2,5)- 
1,5(2,6)-bridged system. One other member of this class, 1,5-anhydro-8-p-ribofuranose, 
has been synthesized recently by Vis and Fletcher (22), and also has been converted to 
the 2,3-O-isopropylidene derivative, which proved to be indistinguishable from a com- 
pound described several years earlier but only tentatively identified (23). Derivatives of 
three related glycosans have been reported but incompletely characterized (see 14); 
these are 1,5-anhydro-2,3,6-tri-O-methyl-8-p-glucofuranose (24) and -a-L-idofuranose 
(25), and 2,3-di-O-acetyl-1,5-anhydro-8-L-rhamnofuranose (26). 

Although 2,6-anhydro-8-p-fructofuranose cannot be regarded as a hydrogenolysis 
product derived from sucrose, it was not obtained when the reaction was carried out in 
the presence of argon rather than hydrogen. Considerable charring occurred under these 
latter conditions, however, and ethyl 8-p-fructopyranoside was isolated from the reaction 
mixture, the furanosides being relatively minor products. Hence the hydrogenolysis 
conditions used may prevent decomposition of labile compounds, rather than serve 
directly in promoting formation of the furanose products. The occurrence together of 
the anhydride and of the anomeric furanosides suggests the possibility that all three 
products are formed from a carbonium-ion intermediate of the type encountered in the 
acid-catalyzed solvolysis of glycosides (see 15). A protonated form such as V, by reaction 
with the solvent, could yield the anomeric furanosides (II and III), and through intramole- 
cular attack by the C-6-carbinol group give the 2,6-anhydride. Formation of an acyclic 
carbonium-ion intermediate (15) appears less likely in these reactions, since ethyl 
pyranosides would then be expected to predominate among the products at the high 
temperatures used. That the anhydride may be derived directly from sucrose rather than 
from the glycosides was shown by its formation also when the hydrogenolysis reaction 
was carried out in dioxane as solvent in place of ethanol. The anhydride itself undergoes 
ethanolysis readily by heat in the absence of added acid catalyst to yield the anomeric 
furanosides. Hence, the glycosides isolated from the hydrogenolysis mixture may be 
produced by solvolysis of the anhydride, as well as via a carbonium-ion intermediate such 
as V. 

The a- and B-anomers of ethyl D-fructofuranoside were isolated as analytically pure 
syrups,* the 8-anomer being readily cleaved by invertase. On tosylation, the 6-glycoside 
furnished a crystalline diester which was converted by treatment with sodium iodide in 
acetone to a syrupy, monoiodo monotosy! derivative. In pyridine solution (27) the 
ditosylate consumed 1 mole of lead tetraacetate, in agreement with the expectation that 
the ester groups were located at positions-1 and -6; presumably, that at position-1 is not 
readily replaceable by iodide ion (28, 29). The 6-anomer also furnished a crystalline 
1,6-di-O-trityl derivative, the terminal location of the ether groups being shown by the 
fact that the compound, in pyridine, consumed a mole of lead tetraacetate; the ditrityl 
ether was characterized further as a crystalline diacetate. Tritylation of the a-glycoside 


*The a-anomer of methyl D-fructofuranoside has been obtained in crystalline form (30). 
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followed by acetylation afforded a crystalline di-O-acetyl ditrityl ether. After deacetyla- 
tion the ditrityl ether was shown, also by oxidation with lead tetraacetate in pyridine, to 
be the 1,6-derivative. 

No ethyl D-glucosides were detected among the reaction products, in accord with the 
expectation that the D-fructofuranosy] linkage should be cleaved preferentially. Further, 
as shown by the formation of D-sorbitol, the D-glucosyl unit appeared to be converted 
mainly to the free sugar and then reduced. The presence of D-mannitol in the mixture 
suggested that some D-fructose also was formed during the reaction. In addition to these 
products, glycerol and a small proportion of erythritol were isolated, but the origin of 
these fragments was not determined. 

In contrast to the behavior of sucrose, the derived octaacetate was completely stable 
to the hydrogenolysis conditions, even at 240° C. The (2 — 6)-linked poly-p-fructan, 
inulin, although converted in small proportion in ethanol to the furanosides, appeared to 
yield none of the anhydride. 


EXPERIMENTAL 


Paper chromatography was carried out with butan-1l-ol:ethanol:water (40:11:19) as 
solvent, and with urea oxalate (7) and ammoniacal silver nitrate (31) as spray reagents. 

Column chromatography on cellulose was carried out using benzene:ethanol:water 
(500:50:1), (500:100:1) and ethanol. 

Evaporations were carried out at 40-50° C, and optical rotations were measured at 
approximately 25° C. Melting points are corrected, and boiling points recorded are air- 
bath temperatures. 


Hydrogenolysis of Sucrose in Ethanol and Separation of the Products 

Sucrose (20 g) in absolute ethanol (75 ml) was heated at 180° C and a pressure of 1100 
p.s.i. of hydrogen in the presence of copper chromium oxide catalyst (2 g) for 6 hours. 
The catalyst was filtered off and the filtrate concentrated, yielding a colorless syrup. 
Paper chromatographic examination of the syrup indicated the presence of the following 
components: hydroxymethylfurfural; glycerol; erythritol; ketohexose derivatives at Rp 
0.60, 0.48, and 0.35; fructose; mannitol; sorbitol; sucrose; and slower-moving materials 
streaking to the origin. 

The syrupy reaction product was chromatographed on a column of coconut charcoal 
(32). The glycerol (0.35 g) and erythritol (0.25 g) (m.p. 120° C, undepressed) were eluted 
with water. 

By adding 5% ethanol to the column and then fractionating the mixture of eluted 
products on a cellulose column, the following were obtained: component Ry 0.60 (0.85 g), 
fructose (0.5 g), glucose (2.0 g), and admixed p-mannitol and D-sorbitol (1.5 g). D-Mannitol 
(m.p. 166° C, undepressed) was isolated by fractional crystallization, and D-sorbitol was 
characterized as the hexaacetate (m.p. 99° C, undepressed). 

The charcoal column was washed finally with 10% ethanol yielding a mixture of 
products. This mixture was resolved on a cellulose column, giving component R, 0.48 
(0.9 g), component R»- 0.35 (0.85 g), and unchanged sucrose (9.5 g). 


2,6- Anhydro-B-D-fructofuranose (1) 

The chromatographically pure syrup (component Ry 0.35) solidified on prolonged 
storage, and was recrystallized from acetone, m.p. 118-119° C and [a]p — 107° (c, 1, H2O) 
(no mutarotation). Calculated for CgH100;: C, 44.44%; H, 6.22%; mol. wt., 162. Found: 
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C, 44.49%; H, 6.37%; mol. wt., 157 (by isothermal distillation (10) in methanol at 
50° C). 

The compound did not reduce Fehling’s solution, was unaffected by treatment under 
reflux for 6 hours with 1% methanolic ammonia, and also by treatment for 3 days at room 
temperature with aqueous sodium borohydride. With sodium metaperiodate no uptake 
of oxidant was found in 24 hours reaction time, and with lead tetraacetate in acetic acid 
the consumption of oxidant was 0.1 mole in 8 hours reaction time. 

In 0.05 N sulphuric acid at 25° C the observed rotation of the anhydride solution 
(1.0%) decreased slightly from ap —1.00° (3 minutes) — ap —0.97° (5 hours, constant, 
1 dcm tube). Paper chromatographic examination showed that most of the anhydride 
was hydrolyzed in 2 hours, and that conversion to fructose was complete within 5 hours; 
accordingly, the calculated [a]p of the hydrolyzate was — 89° (D-fructose shows [a]p — 92°). 
The product was characterized further by conversion to D-glucose phenylosazone, m.p. 
209° C (decomp.), and indistinguishable from an authentic sample by X-ray diffraction. 

The observed rotation of the anhydride in ethanolic hydrogen chloride (0.5%) at 
room temperature rose rapidly to [a]p +0.44° (7 minutes), then decreased slowly to 
—0.09° (18 hours) (c, 1.2, 1 dem tube). Paper chromatographic examination of the 
reaction mixture indicated that ethyl a-D-fructofuranoside was formed as the major 
product during the first 10 minutes reaction time. Under similar conditions, rotational 
changes shown by ethyl 8-p-fructofuranoside were a rapid rise to [a]p +0.32° (9 minutes), 
then dropping slowly to 0.03° (19 hours) ; ethyl a-p-fructofuranoside showed ‘[a]p +0.22° 
(2 minutes) —0.07° (20 hours), D-fructose, [a]p +0.18° (14 minutes) —0.24° (18 
hours). These values are similar to the data reported by Purves and Hudson (30, 33) for 
the methyl D-fructofuranosides and D-fructose. 

Acetylation of the anhydride with acetic anhydride —- pyridine at room temperature 
afforded a triacetate, b.p. 110—-120° C at 0.05 mm, [a]p —108° (c, 1.3, CHCI;). Calculated 
for Cy2H Os: C, 50.00%; H, 5.60%; acetyl, 44.8%. Found: C, 50.17%; H, 5.79%; 
acetyl (sapon.), 44.4%. 

Treated with benzoyl chloride and pyridine in cold chloroform, the anhydride yielded 
an amorphous tribenzoate, [a]lp —163° (c, 1.1, CHCl;). Calculated for C27;H2Os: 
C, 68.35%; H, 4.67%. Found: C, 67.90%; H, 4.73%. 


1,3,4-Tri-O-methyl-D-fructose 

The anhydride (0.20 g) was dissolved in liquid ammonia (20 ml) and potassium was 
added portionwise until a stable blue color developed in the solution. After evaporation 
of the ammonia, methyl iodide (3 ml) was added and the solution heated under reflux 
for 3 hours and then stored at room temperature for 18 hours. The methyl iodide was 
evaporated off, the methylation procedure repeated twice, and the final reaction mixture 
was extracted with chloroform. The chloroform extract afforded a syrup which was 
distilled, b.p. 60-70° C at 0.05 mm. Paper chromatographic examination of the distillate 
showed the presence of a major component and a'minor, slower-moving component which 
corresponded to 1,3,4-tri-O-methyl-pD-fructose (below), indicative of partial hydrolysis. 
Calculated for CyH1¢0;: methoxyl, 45.6%. Found: (two preparations) methoxyl, 42.9%, 
41.7%. 

The distillate (105 mg) was hydrolyzed with N sulphuric acid, the solution was 
neutralized with barium carbonate and extracted with chloroform. On evaporation, the 
aqueous layer yielded a syrup (99 mg) which consisted of a single component (paper 
chromatogram). Purified by distillation (b.p. 115-120° C at 0.05 mm) the product solidi- 
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fied, and was recrystallized from carbon tetrachloride, m.p. 72-73° C and [a]lp —49.6° 
(c, 1.38, HO) (lit. (12), m.p. 73° C and [a]p —51.8° (H2O)). Calculated for CyHis0¢: 
C, 48.36%; H, 8.3%; methoxyl, 41.89%. Found: C, 48.34%; H, 8.17%; methoxyl, 41.79%. 

In acetic acid, the trimethyl p-fructose consumed no lead tetracetate in 4 hours reaction 
time, showing the absence of a free vic-diol at the 2,3-position (34) and also at the 1,2- 
position (35). After reduction with sodium borohydride, 1 mole of formaldehyde was 
produced (chromotropic acid method (36)) in 1 hour reaction time. This behavior showed 
the absence of methoxyl groups at positions-2, -5, and -6, and hence confirmed that the 
product was the 1,3,4-tri-O-methyl derivative. 


Tritylation of 2,6-Anhydro-8-D-fructofuranose 

In a preliminary experiment, using 2.2 moles of trityl chloride per mole of anhydride 
in pyridine at room temperature, some unchanged anhydride was present in the reaction 
mixture after 1 week (paper chromatogram). The anhydride (162 mg) in pyridine (4 ml) 
was treated at room temperature for 10 days with triphenylchloromethane (615 mg). 
Ice water was added, the reaction mixture was extracted with benzene, and the extract 
washed successively with water, sodium bicarbonate solution, and water, then dried over 
sodium sulphate, and the benzene was evaporated off. The oily product (720 mg) was 
fractionated on a column of reagent silicic acid using chloroform as the solvent. After 
elution of triphenylcarbinol, a ditrityl derivative (85 mg) was isolated and recrystallized 
from ethanol, m.p. 224-226° C and [a]p —38.5° (c, 0.8, CHCI3). Calculated for C44H350s5: 
C, 81.75%; H, 5.92%; mol. wt., 643. Found: C, 81.88%; H, 6.00%; mol. wt., 621 (melting 
point depression in camphor). 

Continued washing of the column with chloroform eluted a monotrity! derivative 
(145 mg) which, after recrystallization from dichloromethane — n-hexane, had a melting 
point of 150-153° C, lalp —43.7° (c, 1.0, CHCl;). Calculated for CosHuO;: C, 74.24%; 
H, 5.98%. Found: C, 74.24%; H, 5.98%. 


Di-O-tosyl-2,6-anhydro-B-D-fructofuranose 

The anhydride (200 mg) in pyridine (5 ml) was treated with p-toluenesulphony] chloride 
(500 mg) at room temperature for 18 hours. A few drops of water were added, and after 
30 minutes the reaction mixture was poured into ice water and extracted with benzene. 
After successive washings with water, sodium bicarbonate solution, and water, the 
benzene extract was dried and concentrated affording a glass (139 mg). The product, 
treated in acetone with sodium iodide in a sealed tube at 100° C, yielded only a trace 
of sodium p-toluenesulphonate in 24 hours reaction time, [a]p —29.1° (c, 1.4, CHCl). 
Calculated for CeoH220,Se: C, 51.04%; H, 4.71%; S, 13.62%. Found: C, 51.60%; 
H, 4.91%; S, 14.17%. 


Ethyl B-b-Fructofuranoside (11) 

The syrupy, chromatographically pure glycoside had [a]p —36° (c, 1, H2O), was readily 
degraded to fructose by treatment with invertase, and was hydrolyzed to fructose at 
room temperature within 2 days by 0.1 N sulphuric acid. It consumed 1.0 mole of sodium 
periodate per mole. 

On acetylation with acetic anhydride in pyridine at room temperature, the glycoside 
(200 mg) afforded a tetraacetate (310 mg), b.p. about 150° C at 0.06 mm, [a]p —25° (c, 
1.1, CHCl;). Calculated for CisH2sOi0: C, 51.06%; H, 6.438%; acetyl, 45.8%. Found: 
C, 51.07%; H, 6.52%; acetyl (sapon.), 46.1%. 
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1,6-Di-O-trityl Ethyl 8-p-Fructofuranoside 

The glycoside II (200 mg) in pyridine (4 ml) was treated at room temperature with 
trityl chloride (600 mg) for 48 hours. Isolated after treatment with ice water and extraction 
into benzene, the product (490 mg) was crystallized from ethanol, m.p. 180—-183° C and 
[a]p —2.3° (c, 1.0, CHCl3). Calculated for CygHasOg: C, 79.74%; H, 6.40%. Found: 
C, 79.91%; H, 6.60%. 

Treated with lead tetraacetate in pyridine (27) at 0° C the ditrityl derivative consumed 
1 mole of oxidant per mole in 0.5 hour. 

The ditrityl glycoside (100 mg) treated with acetic anhydride — pyridine afforded a 
diacetate (95 mg) which, after recrystallization from ethanol, had a melting point of 
207-208° C, [a]p +35.8° (c, 1.3, CHCI;). Calculated for Cs59H4s0s: C, 77.30%; H, 6.23%. 
Found: C, 77.07%; H, 6.29%. 


1,6-Di-O-tosyl Ethyl 8-pb-Fructofuranoside 

To the glycoside II (400 mg) in pyridine (5 ml) at 0° C was added a solution 
of p-toluenesulphonyl chloride (750 mg) in chloroform (10 ml). After 2 hours at 0° C and 
18 hours at 25° C the reaction mixture was diluted with chloroform (30 ml), treated with 
a few drops of water, and 30 minutes later was washed successively with ice water, copper 
sulphate, sodium bicarbonate, and water. The solution was dried over sodium sulphate and 
concentrated, yielding a crystalline product (230 mg) which was recrystallized from 
ethanol — n-hexane, m.p. 125-127° C (decomp.), [a]p —12.8° (c, 1.0, CHCl;). Calculated 
for CoxsHesOi0Se: C, 51.15%; H, 5.46%; S, 12.41%. Found: C, 51.02%; H, 5.46%; 
S, 12.13%. 

In pyridine, the ditosyl derivative consumed 1.0 mole of lead tetraacetate per mole in 
1 hour reaction time. 

The ditosylate (100 mg) was heated at 100° C with sodium iodide (75 mg) in acetone 
(6 ml) for 24 hours. Sodium p-toluenesulphonate (35 mg), which crystallized out on cooling, 
was filtered off. After evaporation of the acetone, the residue was taken up in chloroform, 
washed with water, and recovered as an oil (72 mg), [a]p —22.5° (c, 1.0, CHCl). Calcu- 
lated for C1sH2,0;SI: S, 6.79%; I, 26.87%. Found: S, 6.68%; I, 25.94%. 


Ethyl a-D-Fructofuranoside (I11) 

The syrupy, chromatographically pure material showed [a]p +65° (c, 1, H2O), was not 
attacked by invertase, and was hydrolyzed to D-fructose within 15 hours at room tempera- 
ture by 0.1 N sulphuric acid. It consumed 1 mole of sodium periodate per mole. Calculated 
for CsHi,0¢: C, 46.15%; H, 7.75%; ethoxyl, 21.6%. Found: C, 45.98%; H, 8.13%; 
ethoxyl, 21.1%. 

Acetylated at 25° C with acetic anhydride — pyridine, the glycoside yielded a tetra- 
acetate, b.p. about 135° C at 0.01 mm, [a]p +76° (c, 1.4, CHCl;). Calculated for CigH2Oi0: 
C, 51.06%; H, 6.43%; acetyl, 45.8%. Found: C, 51.22%; H, 6.65%; acetyl (sapon.), 
45.8%. 


3,4-Di-O-acetyl-1 ,6-di-O-trityl Ethyl a-D-Fructofuranoside 

The glycoside III (205 mg) was treated with trityl chloride (615 mg) in pyridine (4 ml) 
at room temperature for 7 days, and the reaction mixture was worked up as described 
previously. The syrupy product (722 mg) was fractionated on a silicic acid column using 
chloroform as solvent, affording a crystalline ditrityl ether (260 mg) and, by continued 
elution, an oily product which probably was a monotrityl derivative. Despite repeated 
recrystallization from ethanol the ditrityl ether had a broad melting point (about 
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140-150° C). On acetylation at 100° C with acetic anhydride — sodium acetate, a di-O- 
acetyl di-O-trityl derivative was obtained, m.p. 142-144° C and [a]p +44.7° (c, 1.4, 
CHCl;). Calculated for C59H1s0s: C, 77.30%; H, 6.23%. Found: C, 77.32%; H, 6.32%. 

The product was deacetylated with sodium methoxide in chloroform—methanol, the 
solvent was evaporated, and the residue treated at 0° C with lead tetraacetate in pyridine. 
Found: 1.0 mole of oxidant consumed per mole in 0.5 hour. 


Hydrogenolysis of Sucrose in Dioxane 

Sucrose (5 g) and copper chromium oxide catalyst (0.5 g) in dioxane (75 ml) were 
heated for 6 hours at 180° C under hydrogen at 1100 p.s.i. An oil consisting mainly of 
unchanged sucrose separated out on cooling, and the dioxane solution was evaporated. 
The residue (2.9 g) showed heavy streaking on a paper chromatogram. By chromato- 
graphy on a cellulose column, a fraction corresponding (paper chromatogram) to the 
anhydride (I) was isolated (167 mg). After recrystallization from acetone, the product 
had a melting point of 118-119° C, undepressed. The X-ray diffraction powder diagram 
of the product was indistinguishable from that of the anhydride (1). 


Ethanolysis of Sucrose 

Sucrose (10 g) in dry ethanol (75 ml) was heated for 6 hours at 180° C in an atmosphere 
of argon (10 p.s.i.). The resulting dark-brown solution was concentrated to a syrup which, 
from paper chromatographic examination, appeared to contain hydroxymethylfurfural, 
ethyl D-fructofuranosides (II and III), a trace of anhydride (I), fructose, and sucrose. 
By column chromatography on cellulose the glycoside mixture was found to contain 
ethyl 8-p-fructopyranoside (105 mg), m.p. 150-151° C and [a]p —160° (c, 1.0, H2O). 
Calculated for CsHi.O¢: C, 46.15%; H, 7.75%. Found: C, 46.21%; H, 7.86%. The 
derived tetraacetate had a melting point of 83-84° C and [a]p —127° (c, 1.2 CHCIs). 
Calculated for CigH2,O10: C, 51.06%; H, 6.43%. Found: C, 51.33%; H, 6.57%. 
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REACTION OF OXYGEN ATOMS WITH BUTADIENE! 


R. J. Cvetanovié anp L. C. DoyLe 


ABSTRACT 


Reaction of oxygen atoms with 1,3-butadiene has been investigated at room temperature. It 
is found that it conforms to the general mechanism established previously for the analogous 
reactions of monoolefins. Only 1,2-addition occurs, and the addition products, butadiene 
monoxide and 3-butenal, possess excess energy when formed as a result of high heats of 
reaction. The pressure dependence of the formation of the addition products yields the 
values of the “‘lifetimes”’ of the initially produced “hot” molecules. The relative rate constants 
have been determined at 25 and 127° C and from these the relative values of the Arrhenius 
parameters have been calculated. 


INTRODUCTION 


The general mechanism of reaction of oxygen atoms with alkenes has recently been 
established in this laboratory (1) and the trends in the relative rate constants (2) demon- 
strated the electrophilic character of the ground-state oxygen atoms in these reactions. As 
an extension of this work the present study of the analogous reaction with 1,3-butadiene, 
as the simplest representative of conjugated diolefins was carried out. 

The particular questions which the present investigation was hoped to answer are: 
first, whether conjugated diolefins in their reactions with oxygen atoms follow the general 
mechanism established for monoolefins; secondly, whether only 1,2- or also 1,4-addition 
products are formed; and lastly, whether the value of the rate constant of the reaction 
of oxygen atoms with 1,3-butadiene is such as might be expected in view of the trends 
and relations established in the case of monoolefins (2). Affirmative answers to these 
questions have been obtained and only the two 1, 2-addition products predicted on the 
basis of the rules formulated for the monolefins (1), butadiene monoxide and 3-butenal, 
the latter readily isomerizing to the more stable crotonaldehyde, have been observed. 
The 1,4-addition product, 2,5-dihydrofuran, is not formed. 

The pronounced pressure effect observed in the present work illustrates particularly 
well initial formation of “hot’’ addition products and the consequent “‘pressure-dependent 
fragmentation” (1) in the reactions of oxygen atoms with olefins. As a result, in some 
of these reactions, including 1,3-butadiene itself, the addition products are essentially 
completely decomposed at pressures of a few millimeters and are then not observable 
experimentally. This feature and some other difficulties inherent in the electrical dis- 
charge method for production of oxygen atoms, as discussed recently elsewhere (3), 
are believed to be responsible for the entirely different conclusions from the present 
ones arrived at by Avramenko and Kolesnikova (4) in what seems to be the only other 
attempt reported in the literature to study the reaction of oxygen atoms with butadiene. 
These differences are of a general character and are not limited to the case of butadiene. 

Oxygen atoms were generated by mercury-photosensitized decomposition of nitrous 
oxide, as described in the previous work (1, 2), and nitrogen liberated provided a quanti- 
tative measure of the oxygen atoms consumed in the reaction. 


EXPERIMENTAL 


The apparatus used in this work consisted of a cylindrical quartz reaction cell 5 cm 
in diameter and 10 cm long, connected in series with an all-glass vertical plunger-type 


1Manuscript received August 8, 1960. 
Contribution from the Division of Applied Chemistry, National Research Council, Ottawa, Canada. 
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circulating pump. The circulating reaction system had a total volume of 415 ml. It was 
connected by means of mercury cutoffs to a constant volume burette for measuring 
the amounts of reactant hydrocarbons (butadiene, cyclopentene) to the analysis system 
and to the vacuum manifold. Nitrous oxide was measured manometrically on a volume 
of 1000 ml and then was frozen over into the reaction vessel. 

The analysis system consisted of a Le Roy still (5), followed by a “pump-out”’ trap 
and then by a constant volume -burette and outlets for transfer of samples to the gas— 
liquid chromatographic apparatus (GLC), mass spectrometer, and infrared spectrometer. 
The Le Roy still was used in particular for the separation of the more volatile fractions. 
The noncondensable gases, N2, CO, CH,, and He, were analyzed by the use of a copper 
oxide tube to oxidize CO and He. The CO, formed was measured manometrically and 
mass spectra were taken of the residual N2 and CH,y. Hydrogen, the amount of which 
was determined by difference, was at best formed only in trace amounts in the present 
work. The ‘‘pump-out”’ trap ensured quantitative retention of C2H, which, together 
with C.H¢ and traces of CH, and N.O, was eluted from the Le Roy still at — 180°. This 
fraction was further analyzed mass spectrometrically. No appreciable amounts of methane, 
ethylene, or ethane were formed in the reaction of oxygen atoms with butadiene. Ethylene 
formed from cyclopentene served for the determination of the relative rate constants, as 
described before (2). 

After removal of excess N2O and a part of the butadiene, the remainder was run on 
a 4-ft GLC column consisting of about 4 weight per cent dimethyl sulpholane on glass 
beads (passing 270 mesh). Infrared and mass spectra of the major reaction products 
were taken after their elution from the GLC column. 

An air-cooled low-pressure mercury lamp was used as source of the mercury resonance 
radiation. In most experiments the large excess of N2O employed ensured only negligible 
quenching by butadiene and separate experiments showed that mercury-photosensitized 
decomposition of butadiene itself was not important under conditions of the present 
experiments. The reactants were of the best available grade and were degassed and 
bulb-to-bulb distilled 7m vacuo in the usual manner before use. 

In the reaction of oxygen atoms with butadiene only two addition products were 
detected by GLC analysis (using dimethyl sulpholane column): butadiene monoxide and 
crotonaldehyde. They had GLC elution times, infrared spectra, and mass spectra identical 
with those of the respective commercial samples (a sample of butadiene monoxide was 
kindly supplied by Columbia-Southern Chemical Corp.). The GLC analysis of the con- 
densable products showed also small amounts of what appeared to be three compounds 
eluting much faster than the two addition products. These were formed in too small 
amounts to be identified by the analytical techniques used but are believed to be the 
products of fragmentation of the “‘hot’’ addition products, as will be discussed in the 
following section. No 2,5-dihydrofuran, a potential 1,4-addition product, was detected.* 
The quantitative data on the products observed by GLC are based on calibrations 
made with butadiene monoxide and crotonaldehyde and with the assumption that the 
fragmentation products had equal response per unit area of the peaks to that of buta- 
diene monoxide. Only the total sum of the fragmentation products observed by GLC is 
reported here since individually they were present in most cases in little more than 
trace amounts. 

In the reaction of oxygen atoms with butadiene there was evidence for the formation 


*The authors are very grateful to Dr. E. C. Horswill of these laboratories for synthesizing a sample of 2,5-di- 
hydrofuran in order that its absence in the reaction products could be verified directly. 
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of a deposit (referred to in the following as the ‘“‘polymer”’) which was not removed, or 
was removed only extremely slowly, from the reaction vessel by evacuation or freezing 
out. No attempt was made to obtain qualitative and quantatitive information on this 
material. 
RESULTS 

The results of several experiments carried out at 25+2° at constant pressures of 
nitrous oxide and butadiene, 300 and 30 mm, respectively, but at varying exposure 
times are presented in Fig. 1. They show that within the investigated range the rates 
of formation of the products are independent of the reaction time. 
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Fic. 1. Variation of the amounts of products formed with irradiation time. (Pressure of N20 299+2 
mm, pressure of butadiene 31+2 mm, temperature 25+2° C. “Fragmentation products” refer to the un- 
identified condensable products of pressure-dependent fragmentation as observed by GLC.) 


In the experiments shown in Fig. 1 exceptionally large amounts of butadiene were 
employed, about 10 times as large as in most of the other experiments. Even then no 
products other than those usually observed were detected. The only. effect of variation 
in butadiene concentration reflected itself in a slight variation in the number of oxygen 
atoms generated (as measured by nitrogen formation) because of some competitive 
quenching by the diolefin. This is shown in Table I where more than fourfold increase 


TABLE I 
Dependence of the amounts of products formed on the initial concentration of butadiene 




















Products 
Frag. 
Butadiene, | Butadiene No, Co Epoxide 2-Butenal _ products* 

Run mm N.O umoles Ne Ne Ne Ne 
86 2.49 0.0073 12.8 0.22 0.27 0.19 0.04 
88 5.48 0.0173 12.7 0.22 0.29 0.20 0.04 
87 8.21 0.0265 12.5 0.22 0.27 0.19 0.04 
85 11.10 0.0355 12.3 0.21 n.d. 0.20 0.05 








Note: Temperature 25+1° C; irradiation time 40 minutes; N:O pressure 303+1.5 mm. 
*Condensable fragmentation products observed by GLC. 
n.d. = not determined. 
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in butadiene concentration did not affect the rates of formation of the products per 
oxygen atom consumed (R/Ry,) and only slightly decreased nitrogen production. This 
decrease is of correct magnitude to be entirely explainable as due to competitive quenching 
by butadiene. At the relatively high total pressures employed in the present work the 
energy transferred by quenching to butadiene is likely to be rapidly dissipated through 
collisional deactivation, as is usually the case with olefins, without causing any sub- 
stantial decomposition of butadiene. Small amounts of a butadiene dimer, identified 
as ‘such mass spectrometrically, were occasionally observed by GLC analysis of the 
products. This compound was found, however, to be present as a minor impurity in the 
butadiene used and was initially introduced together with the butadiene into the reaction 
system. 

The effect of pressure on the products formed is very pronounced, as is shown in 
Fig. 2. In these experiments the pressure of butadiene was kept approximately constant 
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Fic. 2. Rates of product formation per oxygen atom consumed (R/Ry,) at various total pressures. 
(Pressure of butadiene 3.0+0.5 mm, exposure 40 minutes, temperature 26+1° C. Filled circle and 
squares indicate initially added 3 mm "of Oz.) 


at about 3mm, the exposure was 40 minutes so that between 11 and 13 umoles of 
nitrogen were produced, and the temperature was 26+1°. The total pressure was varied 
by varying the partial pressure of nitrous oxide. 

The general behavior in the case of butadiene is quite similar to that observed pre- 
viously with propylene (1): with increasing pressure the amounts of the addition products, 
butadiene monoxide and crotonaldehyde, increase while at the same time those of the 
fragmentation products decrease. The reaction of oxygen atoms with butadiene provides 
therefore another good illustration of the pressure-dependent fragmentation in the 
reactions of oxygen atoms with olefins: at higher pressures greater number of the initially 
produced “‘hot’’ addition products is deactivated and less fragmentation of these products 
occurs. 

An initial addition of 3 mm of molecular oxygen to 3 mm of butadiene and 587 mm 
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of nitrous oxide did not affect the formation of butadiene monoxide and crotonaldehyde, 
as shown by filled circle and squares in Fig. 2, and eliminated the condensable fragmenta- 
tion products. No attempt was made to measure directly N2 and CO in this case because 
of large excess of O» present. Nitrogen was estimated from comparable runs done in 
the absence of molecular oxygen. 

The rate constants of the reaction of oxygen atoms with butadiene (kg) were deter- 
mined relative to those of cyclopentene (Rc) at 25.4+:1° and 126.8+2° C. The experi- 
mental details and the results are given in Table II. The rate constants have been 


TABLE II 
Determination of the relative rate constant for butadiene and cyclopentene 








Gaseous products 








, Cyclo- 
Butadiene Butadiene, _ pentene, N.0, No, 
Run Cyclopentene mm mm mm mm CsH4/N2 CO/N2 kp/Rc 
(1) 25.441°C 
60 0.84 6.88 8.17 507.2 2.12 0.160 0.075 0.810 
62 1.74 18.57 10.66 499.1 1.94 0.113 0.094 0.808 
65 1.79 13.15 7.35 502.8 1.81 0.112 0.092 0.776 
64 3.75 30.99 8.26 465.3 1.68 0.0685 0.117 0.845 
61... 29.73 — 503.3 1.94 — 0.143 
Mean 0.810+ .018 
(II) 126.8+2° C 
66 1.17 10.84 9.28 504.5 1.69 0.133 0.112 0.905 
69 1.72 13.91 8.11 501.4 1.64 0.109 0.128 0.876 
67 2.13 19.36 9.11 501.6 1.64 0.0962 0.136 0.869 
71 2.63 21.64 8.23 505.5 1.62 0.0822 n.d. 0.879 
68 3.07 28.64 9.34 507.5 1.54 0.0734 0.145 0.892 
70 27.88 — 506.3 1.58 — 0.181 


Mean 0.884+ .011 





Note: Exposure 60 minutes; quantities are given in millimeters in 415.1 ml at 25° C. 


calculated from the rates of ethylene production in the manner described previously (2). 
From the mean values of the relative rate constants at the two temperatures the relative 
values of the Arrhenius parameters are found to be Eg—Ec¢ = 0.20 kcal/mole and 
A p/Ac — 1.14. 


DISCUSSION 


The products formed in the reaction of oxygen atoms with butadiene indicate that this 
diolefin conforms to the general mechanism established before (1) for the reaction of 
oxygen atoms with monoolefins. In the case of butadiene this mechanism requires the 
formation of butadiene monoxide and 3-butenal as the initial addition products. Actually 
crotonaldehyde (2-butenal) was observed after elution from the dimethyl sulpholane 
GLC column instead of 3-butenal. However, infrared absorption spectra of the con- 
densable products taken before passage through GLC show that crotonaldehyde is not 
the primary product of the reaction but is formed during passage through GLC by 
isomerization of an aldehyde which has the carbonyl stretching absorption band at 
about 1745 cm instead of a doublet at about 1720 cm present in crotonaldehyde. Both 
aldehydes have the C=C stretching absorption band at about 1650 cm. After GLC 
the infrared spectra of the products show only the presence of butadiene monoxide and 
crotonaldehyde, the latter at the expense of the aldehyde initially present, from which 
it is apparently formed by isomerization. We believe that the initially formed aldehyde 











2192 CANADIAN JOURNAL OF CHEMISTRY. VOL. 38, 1960 


is 3-butenal. Some additional evidence for this was obtained by separating from a poly- 
propylene glycol column a compound with an infrared spectrum similar to that of the 
initially formed aldehyde. This compound elutes much faster than crotonaldehyde but 
has a mass spectrum essentially the same as crotonaldehyde. 

The isomerization of the initially produced aldehyde to crotonaldehyde apparently 
takes place quite readily on passage through GLC. Also there appeared to be as a rule 
slight and sometimes quite appreciable isomerization even in the course of the regular 
handling of the products in the vacuum apparatus before passage through GLC. While 
the information on 3-butenal available in the literature is somewhat limited, it would 
seem that an isomerization to the more stable 2-butenal under present conditions could 
readily take place. 

A 1,4-addition of oxygen atoms to butadiene would produce 2,5-dihydrofuran. How- 
ever, this compound is not observed so that 1,4-addition does not occur. The assumed 
primary intermediate in these reactions is a triplet biradical (1). There is evidence that 
this is extremely short-lived, since the distribution of the products differs somewhat 
between the two 2-butene isomers (1). Also, in view of the pronounced electronegativity 
of oxygen, the initial “‘biradical’’ is likely to have some zwitterion character. The forma- 
tion of the 1,2- rather than 1,4-adduct with oxygen atoms in the case of 1,3-butadiene 
may then be understandable both on kinetic and energetic grounds. 

The observed pressure effect in the reaction of oxygen atoms with 1,3-butadiene is 
very interesting and, together with the corresponding reaction of propylene (1), it 
illustrates well one of the fundamental features of these addition processes. As a result 
of high heats of reaction the products formed are ‘‘hot’”’ to the extent of about 115 
kcal/mole in the case of carbonyl compounds and probably about 80 to 90 kcal/mole 
in the case of the epoxides. Depending largely on the number of degrees of freedom 
available, various average time intervals will be required before sufficient excess energy 
is concentrated in a critical bond to break it. In the meantime the molecule will tend to 
become stabilized through collisional deactivation. In the case of ethylene, decomposition 
largely predominates at the usual pressures (6), while the products from the butenes are 
stabilized already at about 10 to 30 mm (7). Propylene exhibits an intermediate behavior 
and the same is now found to be true for 1,3-butadiene as well. 

For a kinetic treatment of the observed pressure effect the following reaction scheme, 
based on the general mechanism of reaction of oxygen atoms with olefins, is considered. 


N.O + Hg(@P1) — Ne + O + Hg('So) (i) 
CH.=CH—CH=CH; + 0 > (CH:=CH—CH—CH20- ) — aBO* + BBA* + X {1] 
BO* — yCO + other decomposition products [2] 

BO* +M—BO+M [2a] 

BA* — 6CO + other decomposition products (3] 

BA*+M-—BA+M [3a] 


where BO stands for butadiene monoxide, BA for butenal, X for any unknown products 
of reaction [1], and the asterisk indicates ‘“‘hot’’ molecules. Steady-state treatment leads 
to the following expressions: 


Rx, _ 1 -* 
0] * (1 + ee (M)/" 
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Plots of Rx,/Rso and Ry,/Rsa against 1/(M) are given in Fig. 3. From these the 


following values are obtained: k2/ko = 3.7 X 10% nn feat, ks/Rsa 
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Fic. 3. Plots of Rx,/Rso and Ry,/Rsa against reciprocal total pressure (equations [1] and [2)). 


7.2 X 10% 


cc/molecule, a = 0.38, 8 = 0.34. 
In Fig. 4 Rx, /Rco is seen to be a linear function of (M) and this simple relation requires 


Fic. 4. Plot of Rx,/Rco against total pressure (equation [3a]). 





“ 








i 1 1 1 i | i 
100 200 300 400 500 600 700 800 
TOTAL PRESSURE (mm) 





simplification of equation [3]. The slope-to-intercept ratio of the plot in Fig. 4 indicates 
a k/k, value of 7.3X10'8 cc/molecule which is essentially the same as that obtained for 
k3/ks_ from the plot in Fig. 3. In view of this it would appear that CO is produced by 
decomposition of ‘“‘hot” butenal and not to any important extent from decomposition 
of ‘‘hot’”’ butadiene monoxide, i.e., that in equation [3] y = 0 and therefore 


[3a] 





Reo/Rwz — 58/(1+Rsa(M)/ks). 
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The plot in Fig. 4 is in agreement with equation [8a]. The intercept gives 0.54 for the 
value of 48, i.e. the value of Reo/Rx, as P — 0. If CO is formed only from “hot’’ butenal 
such a high value of 48 is inconsistent with the value 8 = 0.34 from the plot in Fig. 3 since 
6 cannot be larger than unity. Additional CO is not produced in a pressure-independent 
fragmentation, as is evident from the alternative plot of equation [8a] in Fig. 5. The 
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Fic. 5. Plot of Rco/Rn, against 1/(1+-sa(M)/ks) (rearranged equation [3a)). 


values for k3/k3q have been taken as 7.2 X 10'8 (broken 'line) as found above and_6.6 X 10'8 
cc/molecule (full line), the latter to show the relatively small effect of an appreciable 
variation in the value selected for k3/ksg. As P ~ © Reo/Rx, approaches zero or a value 
very close to it. The difficulty could be formally resolved by assuming that a constant 
fraction (37%) of the collisionally deactivated BA* molecules are not recovered as 
butenal but polymerize instead, either during the reaction or in subsequent handling 
of the products. This would also bring up the material balance of the oxygen atoms 
used in the reaction as P-+@ from about 70 to 75% to about 90 to 95%, which is 
satisfactory in view of the long extrapolations made to obtain the intercepts. In this 
connection it is of interest that Farberov and Ustavshchikov (8) have recently observed 
that 3-butenal resinifies rapidly on standing. However, it was not feasible in the present 
work to obtain quantitative estimates of the polymer formed and the suggested explana- 
tion must be regarded as only speculative. 

Besides carbon monoxide only small amounts of other fragmentation products are 
observed. This is probably due to the scavenging action of butadiene for H atoms and 
free radicals with eventual formation of higher molecular weight compounds not directly 
observable by the analytical techniques used. 

If it is assumed approximately that ko = k3q = 10~ cc molecule sec, i.e. that 
deactivation occurs at approximately every collision, then the lifetimes of the “hot” | 
butadiene monoxide and 3-butenal are calculated to be, respectively, 1/k, = 2.7X10~ 
and 1/k3; = 1.4X10~-* sec. From the plots in earlier work (1) the lifetime for the “thot” 
propanal is similarly found to be 8.0X10-° and that of the “hot‘’ propylene oxide 
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5.8X10- sec, although in this latter case on the basis of a very limited number of 
experiments the pressure dependence appeared to be more complex. For the hot addition 
products of the reaction of oxygen atoms with butene-1 and isobutene lifetimes an 
order of magnitude greater were indicated by the complete suppression of pressure- 
dependent fragmentation at pressures as low as 10 to 30 mm (7). The exceptionally 
short lifetimes of butadiene monoxide and in particular of 3-butenal considering the 
number of degrees of freedom available in these compounds are understandable since 
breakage of bonds may lead to the resonance stabilized allylic and substituted allylic 
radicals. 

The rate constant of the reaction of oxygen atoms with butadiene is very close to 
that of isobutene and other two-substituted ethylene derivatives as may be expected 
in view of the electrophilic character of oxygen atoms in their reactions with olefins (2, 
9). The temperature coefficient of the rate constant will be discussed elsewhere together 
with the data obtained for a number of monoolefins (10). 

It is evident from the present work that at pressures as low as a fraction of a millimeter 
to several millimeters essentially complete decomposition of the “thot” addition products 
should occur and the primary step of the process, addition of oxygen atoms to the double 
bond, would no longer be directly observable. Under such conditions only fragmentation 
products would be produced and in particular their derivatives from secondary reactions 
with molecular oxygen, even when the latter is present only in small amounts, or with 
other active species which may be present. On this basis the entirely different results 
from the present ones obtained by Avramenko and Kolesnikova (4) are understandable, 
as well as the conclusions of these authors that oxygen atoms exhibit a versatility of 
behavior in their reactions with some organic compounds, and with olefins as well. These 
conclusions have not been born out by investigations in this laboratory, which show 
instead an electrophilic addition of the ground-state oxygen atoms to the double bond 
as the only primary reaction with olefins at room temperature. 
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DECOMPOSITION PRESSURES OF FERRIC SULPHATE 
AND ALUMINUM SULPHATE! 


N. A. WARNER? AND T. R. INGRAHAM? 


ABSTRACT 


The gas pressures over samples of anhydrous ferric sulphate and anhydrous aluminum 
sulphate have been measured in a static system, using a mercury manometer in which the 
exposed surface was covered with a flexible Pyrex bellows. The calculated AH for the decom- 
position of Fes(SO,); was +135.4 kcal/mole. It was not possible to calculate the AH for the 
Al.(SO4)3 decomposition, because a discrete aluminum oxide with singular thermodynamic 
properties was not obtained. 

In the Fes(SO,); system, the fraction of SO; in the gas phase was found to be almost 
constant over the range of temperature and pressure changes used in the study. 

At any given temperature, the decomposition pressure over a ferric sulphate sample is 
greater than that over an aluminum sulphate sample, thus indicating that preferential decom- 
position of ferric sulphate should be thermodynamically feasible in mixtures of ferric sulphate 
and aluminum sulphate. 


INTRODUCTION 


When metallic sulphates are heated im vacuo or in a neutral atmosphere, they can 
be decomposed to oxides, e.g., 
MSO, = MO + SO;, 
M,2(SO,)3 = M20; + 3SO3. 


The ease with which this decomposition can be brought about varies widely with the 
different metallic sulphates. This variation has been utilized commercially in the separa- 
tion of some sulphates. For example, copper sulphate is more stable than ferric sulphate. 
Hence, when some ores which contain copper and iron compounds are roasted in con- 
trolled sulphating atmospheres, it is possible to prepare copper sulphate almost selectively, 
while the iron is retained as oxide. Simple leaching techniques effectively separate the 
soluble copper sulphate from the insoluble iron oxide. The same basic principle of 
selective sulphate formation or decomposition has been applied industrially for the 
separation of cadmium and zinc compounds when they occur together in smelting 
dusts (1). 

One of the recently patented methods for separating the constituents of clays and 
shales (2) would seem to depend on the fact that aluminum sulphate is more stable than 
ferric sulphate. Since the problem of utilizing the constituents of shale is an important 
one, the literature was searched to determine whether this assumption were true. Very 
little information is available on the stability of either compound, and the published 
data (3) fail to satisfy the critical tests of Kelley (4). Hence, it seemed worth while to 
measure the decomposition pressures of both of these compounds to determine whether 
the separation would be thermodynamically possible. 


APPARATUS AND PROCEDURE 


Because of its simplicity, a static method was chosen for measuring the equilibrium 
dissociation pressures of the sulphates. The apparatus assembled for the measurements 
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Fic. 1. Apparatus for measuring decomposition pressures of anhydrous sulphates. 


is shown diagrammatically in Fig. 1. The most important feature of the apparatus is 
the glass-bellows mercury manometer. The design of the manometer is based on one 
originated by Spence (5). However, in the present version the mercury displacement 
has been modified from horizontal to vertical, and an appreciable increase in sensitivity 
has resulted (6). 

The apparatus was constructed entirely from Pyrex and Vycor glass. The Vycor 
section extended out to the cool zone of the furnace, where it was joined through graded 
seals to the Pyrex part of the apparatus. 

To avoid complications that might be introduced by the condensation of sulphur 
trioxide, the bellows manometer and the connecting tubing were thermostatically con- 
trolled at a temperature of 60° C. 

For convenience in handling, powder compacts of anhydrous ferric sulphate and 
aluminum sulphate were pressed with a small platinum wire anchored in the pellet. The 
pellets were suspended by this platinum wire and a small quartz fiber which was attached 
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to a magnetically moveable hook. The hook was made moveable to permit free access 
for installing and removing the pellet through the top of the furnace tube. 

After installation of each pellet, the reaction tube was sealed and the apparatus was 
evacuated. During the period of evacuation the pellet was heated to a temperature of 
about 650° C to remove the last traces of moisture. After several hours at this tempera- 
ture, the vacuum line was sealed and the temperature raised to the point at which 
displacement of the mercury column indicated that decomposition of the sulphate had 
begun. Readings of the pressure were made at 24-hour intervals in the study of the 
ferric sulphate system, and at 48-hour intervals in the study of the aluminum sulphate 
system. The experiment was.continued until a steady state had been reached. 

Displacement of the mercury column in the manometer was observed with a cathe- 
tometer, and was corrected for changes in barometric pressure. With small changes in 
pressure, some sticking of the mercury in the column was noted. Sticking was relieved 
by rapping the manometer sharply just before readings were made. 


RESULTS AND DISCUSSION 


The results obtained in experiments with ferric sulphate, with aluminum sulphate, 
and with 1:1 mole mixtures of aluminum sulphate with iron oxide are shown in Table I. 


TABLE I 


Decomposition pressures over ferric sulphate, aluminum sulphate, and an 
aluminum sulphate -iron oxide mixture 








Aluminum sulphate - 
ferric oxide 








Ferric sulphate Aluminum sulphate (mole ratio 1:1) 
Temp. Pressure Temp. Pressure Temp. Pressure 
(°C) (cm of Hg) (°C) (cm of Hg) ie, @. (cm of Hg) 
627 1.0 
630* 7.3 
638 8.4 
652* 1.4 
658 14.7 
660* 16.8 
673* 2.4 
679 3.2 
680* 27.1 680 2.4 
685 28.6 
694 3.6 
700 41.9 
705* 48.1 
708 4.5 
715 61.1 
724 72.0 724 14.1 
730 7.8 
736 49.6 
742 54.3 
743 13.5 
752 i a 
753 19.4 
762 28.2 
769 40.0 
Jae 72.0 





*Measurements made with temperature decreasing. All other measurements made with 
temperature increasing. 
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Ferric Sulphate 
When the results shown in Table I were plotted on a log p versus reciprocal of absolute 
temperature graph, Fig. 2 was obtained. It will be noted from Fig. 2 that the linearity 
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Fic, 2. Pressure vs. reciprocal temperature relationship for anhydrous ferric sulphate. 


of the results is good, thus indicating that over the temperature range of the experiments 
there is not an appreciable change in the heat of the decomposition reaction. The linearity 
of the results and the demonstrated reversibility of the system indicate that true equilib- 
rium had been reached in the experiments and that the gas phase probably contained 
only SOz, SO3, and Oz. It seems unlikely that polymers of SO; were present. The iron 
oxide product was identified as hematite. 

When the static method of measuring the decomposition pressures was selected, the 
selection was made with some misgiving. From preliminary experiments it had been 
established that the dynamic method might be subject to substantial errors, because 
the rate of attainment of equilibrium decreases as equilibrium is approached, and it 
would be easy to assume that equilibrium had been reached, when in fact the reaction 
was still proceeding slowly. 

Alternatively, the measurement of pressures in a static system containing a substantial 
temperature gradient and gases of different molecular weights is also subject to error. 
In this instance, due to thermal diffusion, the lighter molecules tend to congregate in 
the hotter zone. This means that the 2:1 molar ratio of SO2:O2, produced by the decom- 
position of SO3, is reduced to somewhat less than 2:1 in the hot zone, and increased to 
somewhat more than 2:1 in the cold zone. This departure from exact stoichiometry can 
lead to errors in any quantities, e.g. degree of dissociation, etc., calculated on the basis 
of the 2:1 stoichiometry. 











2200 CANADIAN JOURNAL OF CHEMISTRY. VOL. 38, 1960 


The magnitude of the error caused by thermal diffusion is difficult to assess on a 
purely theoretical basis (7), but the linearity of the results shown in Fig. 2 would favor 
the conclusion that the error is small or at least comparable with the other errors of 
measurement. Recently a novel method of studying sulphate equilibria, through the 
measurement of only one gas pressure, was developed by Kellogg (8). It is expected 
that when similar systems have been examined by both methods, it may be possible 
to assess the magnitude of the thermal diffusion error. 

Having measured the decomposition pressure exerted by the mixed gases SO;, SOz, 
and Os, over a ferric sulphate sample, it was of interest to calculate the heat of the 
decomposition reaction 


Fe2(SO,)3 = Fe.0; + 3S0; {1] 


from the variation of the equilibrium constant of the reaction with temperature. For 
this calculation it was necessary to know pgo,, since K’, = p*go, for reaction 1. The 
magnitude of ps0, was calculated on the assumption that pgo, satisfied both equation 1 
and the equation for the decomposition of SOs;, 


2SO; = 2SOz2 + Osx. [2] 


The calculation was made by obtaining the equilibrium constant K,, for reaction 2, 
from the data of Evans and Wagman (9) and converting this K, to K, (the equilibrium 
constant in terms of mole fractions) by dividing by the total pressure at each of a series 
of temperatures. For convenience and to minimize errors, interpolated temperatures 
from Fig. 2 were used. 

When K, had been calculated, it was equated to the equilibrium constant which was 
set up in mole fraction form on the basis that a is the fraction of 1 mole of SO; dissociated 
at a given temperature. Thus, {2(1—a)}/{(2+a)} represents the mole fractions of SOs, 
and K, = 4a'/(4a'—12a+8). It should be noted that in this calculation an exact 
SO2:O:2 ratio of 2:1 is implicitly assumed. 

When K, was calculated, it was found to be almost constant, with an average deviation 
of 1% over the temperature range 920 to 1000° K. The average K, was used in calcula- 
tions, and a = 0.538 and a mole fraction of SO; = 0.364 were obtained. 

The implications of the constancy of the mole fraction of SO; are of interest. Once 
the value 0.364 is known, the pressure of SO; in a system can be set very conveniently 
by including an excess of ferric sulphate in the system and then heating the system 
until the total pressure, reduced by the factor 0.364, produces the required partial 
pressure of SQO3. 

When log K’, = ~*s0; was plotted against reciprocal absolute temperature, a linear 
relationship was obtained. The relationship can be described by the equation: 


log K’, = 28.34—(29,600/7). 


When this equation was used to calculate the heat of reaction for the dissociation of 
ferric sulphate, a AH of +135.4 kcal was obtained. 


Aluminum Sulphate 

The results obtained from a study of the decomposition of aluminum sulphate and 
1:1 mole mixtures of aluminum sulphate with ferric oxide are shown in Table I and as 
a log P versus reciprocal temperature relationship in Fig. 3. The curvature of the relation- 
ship indicates that the type of treatment accorded the ferric sulphate results to obtain a 
heat of decomposition would not be valid for the aluminum sulphate systems. It would 
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Fic. 3. Pressure vs. reciprocal temperature relationship for anhydrous aluminum sulphate and aluminum 
sulphate — iron oxide mixtures. 


therefore seem sufficient to seek an explanation for the lack of linearity of the results, 
and to compare the pressures with the corresponding pressures for ferric sulphate, under 
similar conditions of temperature. 

When the partly decomposed and completely decomposed pellets of aluminum sulphate 
were examined by X-ray diffraction, it was observed that gamma alumina was_-present. 
In one pellet which had been heated for a long time at a high temperature, alpha alumina 
was found. This is in general agreement with the observations of Kelley (10): ‘‘In actual 
decomposition of Al»(SO4)3, there is not obtained Al,O; (alpha) but a less stable variety 
usually designated Al,O; (gamma). Unfortunately the latter appears not to have unique 
thermodynamic properties; available information indicates that there may be two varieties 
of Al,O; (gamma) or at any rate that its properties depend upon the temperature to 
which it is heated and the time of heating.’’ From the foregoing, it would seem possible 
that the results shown in Fig. 3 represent steady-state pressures over a metastable 
system of aluminum sulphate and some modification of gamma alumina. The curvature 
of the line in Fig. 3 could be interpreted as representing the presence of an increasingly 
stable modification of alumina, as the temperature of the experiments was increased. 
From a few experiments, there was an indication that the pressure measurements, although 
steady, were not readily reversible if the temperature of the specimen had previously 
been raised to appreciably above the temperature of the measurement. This would 
tend to confirm the presence of the more stable form of alumina at higher temperatures. 
Time did not permit a more extensive investigation of this point. 

It is of interest to note, in Fig. 3, that the stable pressures over the aluminum sulphate — 
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ferric oxide system are, at all temperatures, greater than those over pure aluminum 
sulphate. This has been resolved by considering that ferric oxide acts as a catalyst in 
promoting the formation of the more stable forms of alumina. Higher equilibrium 
pressures are to be expected over the more stable forms of alumina. 

Finally, it is of interest to compare, in Table I, the steady-state pressures over the 
ferric sulphate and aluminum sulphate systems at various temperatures. The comparison 
shows clearly that at all temperatures the pressure at any given temperature is always 
greater over the ferric sulphate system than over an aluminum sulphate system. 


TABLE II 
Calculations made to determine AH for the reaction Fe2(SO,); = Fe2O; + 3SO; 














T P 
(°K) Kp (atm) Kz a Nso3 K', 
920 0.0415 0.1466 0.283 \ 1.519X10-4 
940 0.0706 0.2480 0.284 7.356 X 10~¢ 
960 0.1172 0.4046 0.290 0.538 0.364 3.194 10-3 
980 0.1914 0.6650 0. 1.418X107 
1000 0.3050 1.047 0.291 J 5.535 X10 
Average 
0.287+0.003 
CONCLUSIONS 


From an examination of the steady-state gas pressures over ferric sulphate and 
aluminum sulphate samples heated in a closed system, it has been concluded that the 
pressure at any given temperature is always substantially greater over a ferric sulphate 
sample. Hence, it would seem thermodynamically feasible to separate aluminum sulphate 
from ferric sulphate by roasting the compounds under conditions selected to decompose 
the ferric sulphate only, and then leaching the water-soluble aluminum sulphate from 
the roasted mixture. The practical limitations affecting the application of this approach 
will be discussed in a later communication. 
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STUDIES ON IONIC SOLVATION 


PART III. NEW THEORY FOR CALCULATING HEATS OF HYDRATION OF 
MONOVALENT IONS AT 25° C! 


A. M. Azzam 


ABSTRACT 


From Part I of this series, the structure of solution around a completely hydrated mono- 
valent ion could be visualized. On the basis of this picture, the ionic heats of hydration is to be 
due to three terms. These three terms are critically discussed and evaluated for the case of 
alkali metals and halide ions. 

The present theory shows that the Born—Bjerrum term contributes a significant part to the 
heat and that the ionic radius value included in this term must be dependent only on the 
charge and not on the ionic size. The most probable value is 2.4 A for the positive ions and 
2.9 A for the negative ions. { 

The calculated ionic heats of hydration, which are in good agreement with the experimental 
values, are compared with those of previous theories. 


1. INTRODUCTION 


The heat of solvation of an ion, which does not combine chemically with the solvent, 
depends upon the difference in its potential energy in vacuum and in solution. Knowledge 
of- values of ionic heats of solvation is of great importance in the calculation of several 
physical properties of ionic solutions (9, 12, 15, 37, 41, 42, 44). 

Using experimental data on the heats of solution (13, 14, 31), together with the crystal 
lattice energy values (8, 9, 10, 11, 16), and following Born—Haber cycle, the heats of 
hydration of alkali halides (see Table I) had been calculated (5, 12). There is no simple 


TABLE I 


Heats of hydration calculated from the different expérimental values of the 
lattice energy and the heat of solution 








\. Reference 


; Pe (12, 19, 31) (5) (37) (40) 
Salt 





LiF 245.9 246 241.8 

LiCl 211.3 208.8 208.6 213 
LiBr 202.5 199.9 197.6 202 
Lil 192.4 189.1 191 
NaF 217.6 213.9 214.7 

NaCl 184.2 182.4 181.5 183 
NaBr 177.6 174.9 175.3 

Nal 167.0 165.5 

KF 198.8 194.6 193.1 206 
KCl 165.2 161.5 159.9 159 
KBr 157.7 154.5 148 153 
KI 147 145.9 

RbF 190.7 187.9 

RbCl 158.9 156.4 

RbBr 151 147.2 

RbI 142.7 138.8 137 
CsF 182.4 

CsCl 147.4 

CsBr 139.7 

CsI 131.1 133 





1Manuscript received April 14, 1960. 
Contribution from the Chemistry Department, Faculty of Science, A’in Shams University, Cairo, Egypt. 
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way of dividing these sums into the hydration energies of the separate ions. However, 
several attempts (3, 5, 6) have been made to deduce from these experimental values the 
corresponding ionic heats of solvation. None of these methods is completely satisfactory 
(12, 19, 20, 21). 

Moreover, several workers (1, 2, 3, 4, 5, 6, 29, 33) have theoretically calculated the 
ionic heats of solvation with widely divergent results (see Table I1). However, certain 
features of this work are not entirely satisfactory (7, 18, 19, 24, 46). 














TABLE II 
Theoretical values of ionic heats of solvation as calculated by different authors 
oo Group I Group II 
Bernal Eley Latimer, 
and and Pitzer, and Average 

ite Fowler Evans Slansky Verwey Miscenko of all 

“ (4) (3) (5) (6) (29) methods Azzam 
Lat 136 133 121.2 125 128.8 139.0 
Nat 114 115 94.6 98 105.4 107.9 
Kt 94 90 75.8 75 78 83.3 84. 
Rb* 87 81 69.2 79.4 79.5 
Cst* 80 73 62 53 67 75.1 
F- 97 91 122.6 122 108.2 106.7 
cl- 65 59 88.7 88 75.2 71.7 
Br- 57 52 81.4 77 66.8 68.0 
47 45 72.1 72 66 60.4 63.7 





Recently, the present author (7, 36) suggested a new method for the calculation of 
ionic solvation number by applying statistical-mechanical analysis to a postulated 
structure of the solution around an ion. The good agreement between the calculated 
values and those obtained by several experimental methods is a strong evidence for the 
validity of the suggested physical approach of the molecular structure of the solvent 
7, 36). 

The present theory is an attempt to calculate the heats of hydration of alkali metals 
and halide ions at 25° C. 


2. ORIENTATION OF A SOLVENT MOLECULE NEXT TO AN ION 


It seems to be generally agreed (3, 4, 7, 46, 47, 49) that the orientation for a water 
molecule next to a positive ion is as shown in case I, Fig. 1. On the other hand, it has 
been assumed by previous theories (3, 4, 6, 47, 49) that the orientation for a water mole- 
cule next to a negative ion is as shown in case IV, Fig. 1. This configuration was criticized 
and critically discussed by the present author (7, 18). Accordingly, it was suggested that 
the most probable structure of the solvated negative ion is as shown in case III, Fig. 1. 

A similar conclusion was reached recently by Buckingham (46). In conclusion, cases I 
and III are energetically more favorable. Less familiar orientations (6, 26, 34) have been 
already criticized (19, 24). 


3. STRUCTURE OF SOLUTION AROUND AN ION 


The most outstanding problem, which is connected with the calculation of ionic heats 
of hydration, lies in the need of definite quantitative knowledge of the structure of 
solution around an ion. A simple model for the structure of solution around an ion could 
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FOR CATION FOR ANION 


I v/ A viii yi'4 
Fic. 1. Orientation of a water molecule next to an ion. 
I II Ill IV 
Bernal and Fowler (4), 1983 Verwey (6), 1941 Azzam (7), 1954 Bernal and Fowler (4),1933 
Eley and Evans (3), 1938 Buckingham (46), 1957 Eley and Evans (3), 1938 
Haggis et al. (49), 1952 Verwey (6), 1941 
Azzam (7), 1954 Haggis et al. (49), 1952 


Buckingham (46), 1957 
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SECONDARY SOLVATION 
SHEATH 


Fic. 2. The proposed structure of solution around a monovalent ion. 
a; = crystallographic radius of the ion, 
’p = radius of the primary solvated ion, 
rs = radius of the completely solvated ion. 


be visualized from the present author’s statistical-mechanical analysis (7) for the dis- 
tribution of solvent dipoles around an ion. 

The model suggested by these results is shown diagrammatically in Fig. 2. The firmly 
bound water molecules will be those constituting the primary solvation sheath (the 
innermost region). Beyond this sheath, there is the secondary solvation sheath with less 
firmly bound water molecules and finally there is the main bulk of the solvent (for defini- 
tion see 7, 36). 

Frank and Evans, from a re-analysis of the entropy of hydration (43), have developed 
a fundamentally similar picture. These authors claim that the ion is surrounded by three 
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concentric regions which are: the immobilization of water molecules, the structure- 
breaking and the structurally “normal’’ water regions. These three zones seem very 
probable to correspond with the three layers of the preceding model (see Fig. 2). 


4. NEW THEORY FOR CALCULATING HEATS OF HYDRATION 


From the proposed structure of ionic solution, the ionic heat of hydration is represented 
essentially by the sum of three terms corresponding to the three zones around an ion 
(see Fig. 2). It follows that 


[1] AH = (AH) ;+(A4H) 11+ (4H) rit 


where (AH); _ represents the contribution of water dipoles in the primary solvation 
sheath to (AH), 
(AH);; represents the contribution of water dipoles in the secondary solva- 
tion sheath to (AH), 
(AH);11 represents the contribution of water dipoles beyond the solvation 
sheaths to (AH). In other words, it is the contribution of transfer- 
ring an ion from the gas phase into solution. 


The magnitudes of various contributions to AH for alkali metals and halide ions are 
discussed in Section 5 of this paper. 

Concerning the structure of the primary solvation shell, a very clear physical picture, 
which is suitable for our purpose, is known from the present author’s previous results (7). 
This is discussed in Section 3 of this paper. Accordingly the most probable value of 
(AH) ; could be evaluated. 

The secondary solvation layer (see Fig. 2) is the intermediate zone between the frozen 
water (7, 18, 19, 41, 43) region and the normal structure region. Calculation of the term 
(AH) 1; requires definite and quantitative knowledge of the structure-breaking effect 
(43, 48). Such a knowledge is not available. Any attempt to estimate the numerical magni- 
tude of this structure-breaking effect must be based on rather arbitrary assumptions for 
which in the first instance no strict justification can be given. 

As long as we consider the alkali metals and halide ions, it is not known whether or not, 
and to what extent, this structure-breaking effect is important in the calculation of heats 
of hydration. It seems very probable that such an order-disorder phenomenon is of 
significant importance for the calculations of entropies but not for the calculation of 
heats (49). 

In the present theory, we will follow the most physical approach which was adopted 
by Buckingham (46) and treat the solvent beyond the primary solvation shell as a 
continuous dielectric, that is, a dielectric constant which can vary with the electric field 
strength. 

We do not know how much error is involved in this approximation, but the effect is in 
any case of insignificant magnitude and could be checked in the following way. 

CsI is usually regarded as having the relatively most marked structure-breaking effect 
(43, 45). In this case, (AH); contributes 8.7% to the total (AH). Assuming, as the 
result of neglecting the structure-breaking effect, a maximum of 25% error in the value 
of (AH) 11, this will give rise toa maximum error of about 2.2% in the value of (AH) totai- 

A serious difficulty in the previous theories (3, 4, 5, 6, 8) is the choice of dielectric model. 
This problem was treated to a first approximation on the basis that very near to the ion 
the dielectric constant is taken as 1 and for layers of water molecules outside the first 
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layer it is taken as 80. In the present theory a less approximate treatment of the dielectric 
constant difficulty has been attempted by the application of Webb’s analysis (2). It must 
be pointed out here that the structure-breaking effect, which is neglected in the present 
theory, is either partially or completely covered on using Webb’s values for the dielectric 
constant as a function of distance. 


5. VARIOUS CONTRIBUTIONS TO (4H) 
(a) Evaluation of the Term (AH); 
Consider an element volume (dv) at a distance (r) from an ion in the primary solvation 
sheath. If (ds), is the number of dipoles associated with the ion in this element volume 
and (uz), is the ion-dipole interaction, it follows that 


[2] d(AH) = (ds), u,. 


The present author’s statistical-mechanical analysis (7) showed that the number of 
dipoles associated with the ion in a concentric shell at a uniform distance (r) from the 
ion and of thickness (dr) is given by 


[3] (ds), = 4ang er -Po FT) 92 dr 


where 


no is the number of water molecules per cubic ceritimeter in the bulk of solution, 

Wo is the potential of a water molecule in the bulk of solution, 

w, is the net potential energy of a solvent dipole at a distance (r) from the ion. 

Taking into account the specific factors on which the solvation number depends 
(7, 18), together with the suggested structure of a solvated ion, the net interaction energy 
term (w,) could be evaluated from the following equation. 


[4] W, = (Ui—U2—U3), 
where 


u, is the ion-dipole interaction energy, . 

Ue is the electrostatic potential due to the presence of the two water molecules attached 
to the dipole which is associated with the ion (3, 4, 7, 36),.and 

u3 is to allow for the mutual effect of the co-ordinated water molecules. 


Substituting from [3] into [2] 
[5] d(AH ;), = 4ano u, e~!(%r—¥0) /ET Hy? dy, 


The contribution of water molecules in the primary solvation sheath could be evaluated 
by integrating equation [5] over the volume of the solvent that surrounds the ion from a; 
to r, (limits of primary solvation (see Fig. 1)). 

"> 


[6] (AH); = dene [ Us 7 {wr wo) kT) 92 de. 
yj 


(b) Evaluation of the Term (AH); 

This term could be evaluated in a similar manner as in the case of (AH),. The main 
differences between the two cases lie in the values of the limits of integration and also in 
the expression of the term (w,). A solvent molecule in the secondary solvation sheath is 
no longer associated with the ion (4, 7, 12, 19) but it is only under the influence of its field. 
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(7) d(AH) 11 = Amo u, e120 /ET) 2 dy, 


The integration will be carried out over the volume of the solvent that surrounds the 
ion from the distance at which the primary solvation ceases (r,) to the distance at which 
secondary solvation terminates (7r,). 

From the above discussion, it follows that 





’s 
[8] (4H) = ten f pea Oem eae. 
rT. 
Dp 
(c) Evaluation of the Term (AH) 11 
Whenever an ion passes from the gas phase into solution, the free energy of this process 
is best given by Born expression (1), 





N(Ze)’ 1 
(9] nace Ze" (1_1), 
where N is the Avogadro’s number, 

Ze is the charge of the ion, 

x is the radius of the ion, 

D is the dielectric constant of the medium. 


The corresponding heat of hydration (Q) is obtained from the Gibbs—Helmholtz equation 
as 

ees 3 oe ft \ 

[10] e=-——e Yop Pr, 

(Born—Bjerrum equation) (32). 

The term (AH) ;1; of the present theory (see equation [1]) can be evaluated from equation 


[10] provided that the selected value of ‘‘x’’ will be taken as 7, (the termination of solva- 
tion). It follows that 


_ _N(Ze)*f,_1_T (22) \ 
(11] (AH) in = 2r, ‘tb D D: ar m . 
(d) Evaluation of the Ionic Heats of Hydration 
On substituting from equations [6], [8], and [11] into (1), the total ionic heat of hyvdra- 
tion is given by 


al als 


—{(wr—wy) kT} 2 — { —_ tT} »? 
orn, dr-+4no | eS thei os 
r 
Pp 


N(Ze)*f,_1_T (22) } 
tor, Up 7D \ar/,S ’ 


6. METHOD OF CALCULATION 


[12] (AH) ota _ 4rno | 


a | 








Methods of evaluations of 1, U2, U2, Tp, 7s, Mo, Wo, and w, have already been critically 
discussed in a previous paper (7) by the present author. It must be pointed out that in 
these calculations, microscopic values of the dielectric constant (2, 7) of water at different 
distances from the ion are used. 

The integration terms of equation [12] cannot be evaluated directly. However, these 
integrations were solved graphically. 








which is required for the graphical evaluation of (AH), (see equation [6]), is plotted in 
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All data which are needed for the calculation of the term (AH), are recorded in Table 
III. The corresponding relation 














Fig. 3. 
160 
140 
120 = 
loo 
LIMIT OF PRIMARY 
80 SOLVATION 
60} 
ure -{(w, - wo)/kT} 2 
40 
20 
0 l N ! 1 L | l N + 
1.0 i 1.2 1.3 1.4 1.5 1.6 1,7 18 (q;) 
1.4 f f a 
1.5 1.6 7 1.8 1.9 2.0 2.1 2.2 (a;) 
Fic. 3. The relation between u,e~! “et- “0 /#T} 72 and ionic radii. 
TABLE III 
Data needed for the calculation of (AH)1 
= uy e7 | (wy wo) /kT} r, 

} aj “1 Us U3 e ~! (wrt) kT) p2 kg cal/g ion (AH)1 
1.0 0.1490 0.012 0.0291 76.5 164.14 6.93 
a 0.1323 0.0116 0.0194 70.1 133.36 5.63 
1.2 0.1168 0.0113 0.0138 59.5 99.74 4.22 
1.3 0.1047 0.011 0.0094 51.6 77.8 3.28 
1.4 0.0937 0.0107 0.0061 47.1 63.55 2.68 
1.5 0.0836 0.0105 0.0044 41.2 49.6 2.09 
1.6 0.0751 0.0104 0.0032 36.7 39.69 1.68 
ey 0.0667 0.0102 0.0025 32.3 31.02 1.31 
1 0.06 0.0101 0.0019 29.6 25.58 1.08 





The area underneath ti:is curve between the specific limits is equal to (AH) ;/41no. 
Similarly, all data which are required for the evaluation of the term (AH) ;; are given in 
Table IV and the required graphical relation is plotted in Fig. 4. The area underneath 
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TABLE IV 
Data needed for the calculation of (AH) 11 








ue! (up— wo) /kT} r2 





aj 1 em! (up~ wo) (kT) 72 kg cal/g ion (AH) 11 
1.0 0.1490 198.0 179.3 48.6 
ak 0.1323 141.6 113.9 35.4 
1.2 0.1168 109.4 77.6 25.8 
1.3 0.1047 83.5 53.3 19.9 
1.4 0.0937 67.0 38.1 15.2 
1.5 0.0836 54.3 27.6 12.9 
1.6 0.0751 49.5 22.6 9.1 
xe 0.0667 42.8 17.5 6.9 
1.8 0.0600 38.7 14.1 5.2 
1.9 0.0539 35.3 11.6 3.9 
2.0 0.0482 32.5 9.5 2.9 
2.1 0.0437 30.7 8.2 2.0 
2.2 0.0399 29.7 7.2 1.2 
2.3 0.0369 28.5 6.3 0.6 
2.4 0.0322 27.2 5.2 0.0 





this curve between the specific limits is equal to (AH) ;;/4amo. The theoretically calculated 
values of (AH);, (AH) 11, (AH) 111, and (AHW)tota: for all the alkali metals and the halide 
ions are shown in Table V and the corresponding relationships to ionic radius are repre- 
sented graphically in Fig. 5. 
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Fic. 5. Theoretically calculated values of (AH)1, (AH)11, (AH) 111, and (AH) tota, for the alkali metals 
and halide ions. 


TABLE V 
Theoretically calculated ionic heats of solvation using equation [12] (in kg cal/g ion at 25° C) 














Cations . Anions 
Lit Nat K+ Rbt Cst - cr Br~ = 
ai 0.78 1.00 1.33 1.52 £7 1.33 1.8 1.96 2.3 
(AH); 12.6 oF 4.5 2.8 11.2 3.7 2.5 
(AH) 11 59.0 30.0 12 7.5 6.9 37 9.5 7.0 5.2 
(AH) 111 68.2 68.2 68.2 68.2 68.2 58.5 58.5 58.5 58.5 
(AH) total 139.8 107.9 84.7 78.5 75.1 106.7 71.7 68.0 63.7 





7. DISCUSSION 


The various theoretical calculations of ionic heats of solvation (3, 4, 5, 6, 29) do not 
. give values which are in good agreement (see Table IV). However, some measure of 
agreement is obtained among the results if they are classified in such a way as to compare 
theories which are self-consistent. Accordingly, previous theories could be divided into 
two main groups: 


group I: (1) Bernal and Fowler theory, (2) Eley and Evan theory; 
group II: (1) Latimer et al. theory, (2) Verwey theory, (3) Miscenko theory. 


A comparison between the results of the present theory and those of previous theories 
is of interest. The most important fact which arises from this analysis is that theories of 
group I give higher values for the positive ions, lower values for the negative ion while 
theories of group II show the reverse. It follows that the agreement of the present calcula- 
tion with the average values of all previous theories is good (see Table II). 
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The numerically calculated values of ionic heats of hydration from the theories of group 
II (mainly that of Latimer ef a/.) disagree with those of the present theory. Their values 
for the positive ions are smaller by about 10-18 kg cal/g ion. On the other hand, their 
values for the negative ions are higher by about 10-18 kg cal/g ion. This is mainly due to 
an incorrect assumption in the method of calculation (19, 21). However, these authors 
claim that the validity of their theories rest upon the comparison of their values with 
experimental values which have been obtained by a procedure in which the validity of the 
theory under test is assumed (12, 18, 19, 20, 21, 23, 24). Moreover, their results disagree 
markedly with those of theories of group I which are apparently theoretically valid. 

It is of interest to compare values obtained from the present theory with those from 
theories of group I. Table IV shows that all the group I values of the negative ions are 
lower by about 10-18 kg cal/g ion~'. The fundamental reason for this difference is that 
the orientation of a water molecule near an anion, which is postulated in the present work, 
differs from that of authors of theories of group I (see Fig. 1) (7, 46). However, if the 
present author’s model, which was successfully used in the calculation of ionic solvation 
number (7), is used in these authors procedures, values of the correct order could be 
obtained. 

On the other hand, numerical values of Bernal and Fowler for the case of cations are in 
agreement with those of the present theory. The model of orientation of a water molecule 
near a cation is the same in both theories of Bernal and Fowler, and theories of the 
present author. This fact is a further supporting evidence for the explanation of the 
discrepancy found in the case of anions. 

Using the same model as that of Bernal and Fowler, but subjecting the theory to a more 
vigorous treatment, Eley and Evans’ calculated values show a better agreement with 
those of the present theory (see Table IV). 

The small difference in the case of cations between the present theory and those of the 
theories of group I may be the consequence of the very approximate treatment given by 
these authors to the variation of dielectric constant with distance in which two zones were 
considered. The first layer near an ion is assumed to have D = 1 whereas the value 
D = 80 is used elsewhere. This picture is oversimplified (2, 7, 12, 18, 19, 27, 28, 35). 

In conclusion, there is an essential agreement between the results of the present theory 
and those of the more reliable theories of group I. 

It is to be stressed that some of the previous theories suffer from mixing of heat and 
free energy terms which may introduce an ambiguity of 3 to 30 kcal (19). However, this 
was avoided in the present theory (38). 

The real test is to compare theoretically calculated and experimental values, but 
experimental values of ionic heats of hydration cannot be directly measured. The problem 
of evaluating individual heats of solvation depends on the assumption used in dividing 
up the experimental values. None of these methods can be considered as completely 
satisfactory (12, 19, 20, 21, 46). This difficulty hinders the checking of the theoretical 
values. However, the present theory can be verified by adding up the calculated ionic 
values to give values for the corresponding salts which can be then compared with the 
most reliable experimental results. This method of checking can only be applied to the 
present theory and to Eley and Evans’ theory since all the other theories are semi- 
empirical ones (they depend on experimental values). 

The good agreement which ‘s shown in Table VI is a further indication of the validity 
of the present theory. 
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TABLE VI 


Comparison between the theoretically calculated and experimentally 
determined values of heats of hydration of alkali halides 














Results of experimental Theoretically calculated values 
methods (mean of four 
Salt sets (see Table I)) Azzam Eley and Evans’ theory (3) 
LiF 244.4 245.7 224 
LiCl 210.4 210.7 192 
LiBr 200.5 207 185 
Lil 190.8 202.7 178 
NaF 215.4 214.6 206 
NaCl 182.8 179.6 174 
NaBr 175.9 175.9 167 
Nal 166.3 171.6 160 
KF 198.1 191.3 185 
KCl 161.4 156.3 153 
KBr 153.5 152.6 146 
KI 146.5 148.3 139 
RbF 189.3 186.2 172 
RbCl 157.6 151.2 140 
RbBr 149.1 147.5 133 
RbI 139.1 143.2 126 
CsF 182.4 181.8 164 
CsCl 147.4 146.8 132 
CsBr 139.7 143.1 125 
CsI 132.0 138.8 118 





8. “THE THIRD TERM OF EQUATION 12” BORN’S HEAT TERM 


One of the most important conclusions arising from the present work is that the third 
term of equation [12] makes a significant contribution to the ionic heats of solvation 
(see Table V). Accordingly, a discussion of this term which has been used in all previous 
theories (1, 2, 3, 4, 5, 6) is of interest. 

The main difficulty, which arises in the application of equations [9] and [10] in the 
calculation of ionic solvation energies, is the choice of the ionic radius (term <x). 

A list of the selected values of ‘“‘x’’ in the different theories, which calculated the 
ionic solvation energies of alkali metal and halide ions, is as follows: 











Theory Selected value of x in A Remarks 
Born (1) ai Crystallographic 
radius 
a,+0.1 (for anions) Assuming that 
Latimer et al. (5) a;,+0.85 (for cations) [AG a(1/r)]} 
Eley and Evans (3) ai+2rg,0 (2rH,.0 = 2.76) Arbitrary 
Verwey (6) ai+2rn20 Arbitrary 
Bernal and Fowler (4) 2.9 Empirically 
2.4 (for cations) Statistical- 
Azzam 2.8 (for anions) mechanical limit 


of solvation 





With the exception of Bernal and Fowler and the present author’s theories, the selected 
value of (x) is a function of the crystallographic ionic radii. Evidence given by these 
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authors in support of their selections are not completely satisfactory and have been 
criticized (4, 12, 19, 21, 22). 

Bernal and Fowler suggested that ‘‘x’’ should represent the radius of the saturation 
sphere around the ion and pointed out that it must be dependent only on the charge and 
not on the ionic size. A similar picture has been given by Passynaski (39). 

Bernal and Fowler suggested the value of 2.9 A as the radius of the saturation sphere. 

There is an essential agreement between Bernal and Fowler’s value and those of the 
present theory. The small differences in these values may arise from the very approximate 
treatment given by Bernal and Fowler (7, 19). Furthermore, Bernal and Fowler have 
derived their value 2.9 A empirically while the values given in the present theory (2.4 
and 2.8 A) were calculated statistically-mechanically. Moreover, Bernal and Fowler 
did not differentiate between the case of cations and anions as in the present theory. 
However, due to the difference in the mode of orientation of water dipoles in the case 
of cations and the case of anions we should expect different values of the radius of the 
saturation sphere. 


9. GENERAL REMARKS 


It must be pointed out that all calculations of this kind by the author and by previous 
workers are beset with inherent difficulties (46, 47). The most important ones are probably 
the ordered structure of water, the effect of ions on it, and the time factors involved in 
the movement of water molecules near an ion. 

This is mainly due to our incomplete state of knowledge of polar dielectrics. However, 
with the aid of some reasonable assumptions, it has been found possible to make successful 
attempts. These limitations must be borne in mind in judging the quantitative conclusions 
for such calculations. 


10. CONCLUSIONS 
1. Three layers around an ion contribute to ionic heats of solvation. These layers are: 
(a) primary solvation sheath with contribution = (AH),, 
(6) secondary solvation sheath with contribution = (AH) 71, 
(c) main body of water with contribution = (AM) 111. 
2. The following critical conditions have been derived: 








Conditions Remarks (AH) total 





Monovalent cations with radius ) Primary and (AH)1+ 
less than 1.7 A secondary (AH) 11+ 
Monovalent anions with radius hydrated (AA) 111 
less than 2.1 : 
| 


less i‘. 2.4 and greater than 
1.7 2 

Monovalent anions with radius 
less - 2.8 and greater than 
ai) 


Monovalent cations with radius 
Se 


condary (AH) 11+ 
hydrated (AH) 111 


Monovalent ions with radius 
beyond the above-mentioned 
limits } 


Unhydrated (AHM)r11 














1 
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3. Both (AH); and (AH); can be calculated by statistical-mechanical analysis, while 


(AH) 111 is best obtained from the Born—Bjerrum equation. 


4. The effective radius term of Born—Bjerrum term is theoretically found to be 2.4 A 


for cations and 2.8 A for anions. 


5. Theoretically calculated ionic heats of solvation are in good agreement with experi- 


mental values. 


6. This theory supports the suggested physical approach concerning the orientation 


of a water molecule next to an ion and the structure of ionic solutions. 


gue gts 
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2,3-O-ISOPROPYLIDENE-L-ERYTHROTETRURONIC ACID AND 
-L-ERYTHROSE, AND THE METHYL D-ERYTHRO- AND 
D-THREO-TETROFURANOSIDES'! 


J. N. BAXTER? AND A. S. PERLIN 


ABSTRACT 


Oxidation of 2,3-O-isopropylidene-8-L-rhamnose (1) with hypoiodite, followed by periodate 
cleavage of the derived aldonic acid, affords 2,3-O-isopropylidene-L-erythrotetruronic acid. 
Reduction of I with sodium borohydride and periodate oxidation of the resulting glycitol 
gives 2,3-O-isopropylidene-L-erythrose. Both products have been obtained in high yield, 
and are readily hydrolyzed to L-erythrotetruronic acid and L-erythrose, respectively. 

Methyl a- and §-D-erythro- and D-threo-tetrofuranosides have been prepared by the Fischer 
glycoside synthesis from D-erythrose- and D-threose-formates, respectively. A notable anomeric 
difference in the lead tetraacetate oxidation behavior of the methyl pD-threosides has been 
observed, the B-anomer being more reactive than the a-anomer. 


In continuing earlier studies in this laboratory on the chemistry of the tetrose sugars 
(1, 2, 3, 4) several new tetrose derivatives have been prepared and are described in the 
current paper. 

‘Stepwise degradation of D-glucuronic and D-galacturonic acids to D-erythro- and 
p-threo-tetruronic acids, respectively, by lead tetraacetate oxidation has been described 
previously (3). Since the L-isomers of these hexuronic acids are rare compounds, they 
do not provide practical sources of the L-tetruronic acids. The L-threo-isomer has been 
prepared by selective reduction of 2,3-di-O-acetyl-L-tartaric anhydride (5) and by 
oxidative degradation of D-glucosaccharo-y-lactone (6), but the L-erythro-acid does not 
appear to have been reported. In the current paper a method is described for preparing 
L-erythrotetruronic acid from readily available 2,3-O-isopropylidene-L-rhamnose (7) (I). 
The latter derivative also has been utilized to prepare L-erythrose in high yield. 

Acetonation of L-rhamnose in the presence of hydrogen chloride (7) appears to yield 
the 2,3-O-isopropylidene derivative almost exclusively. Two crystalline forms of mono- 
acetone L-rhamnose have been described (8, 9) but only the 6-anomer (9) has been isolated 
in the present study. The isopropylidene derivative (I) was oxidized with hypoiodite 
(10) to the L-rhamnonate (II) and the latter, which was not isolated, was degraded 
by periodate cleavage. From the reaction mixture crystalline 2,3-O-isopropylidene- 
L-erythrotetruronic acid (III) was isolated in about 75% yield. Chromatographically pure 
L-erythrotetruronic acid was readily obtained by autohydrolysis of III in aqueous solution. 

Reduction of isopropylidene-8-L-rhamnose (I) to the rhamnitol derivative (IV), 
followed by periodate oxidation, afforded crystalline 2,3-O-isopropylidene-L-erythrose (V) 
in about 80% yield. The L-glycitol derivative (IV) was obtained as a syrup by catalytic 
hydrogenation but, with sodium borohydride reduction, attempts to isolate it resulted in 
partial hydrolysis of the isopropylidene group. For preparation of V, however, it was 
most convenient to carry out the reduction with borohydride and, after neutralizing the 
reaction mixture, to continue directly with the periodate cleavage step. Such a procedure 
was used by Ballou (11) in converting 3,4-O-isopropylidene-D-arabinose to the D-isomer 
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of V. Ballou’s method, it will be noted, can also readily furnish V itself by starting with 
L-arabinose, but the required isopropylidene-pentose derivative is less readily prepared 
than is the monoacetone-L-rhamnose used in the current study. 

Hydrolysis of 2,3-O-isopropylidene-L-erythrose with dilute acid afforded chromatog- 
raphically pure L-erythrose. The calculated [a]p of the latter sugar was +39°, somewhat 
higher numerically than most values reported earlier for the D- or L-isomer (see ref. 1 
and references cited therein), but close to the value of [a]p —41° found by Schaffer for 
p-erythrose derived from crystalline 2,4-O-ethylidene-p-erythrose dimer (12). These 
higher values, together with rotational data obtained by hydrolysis of the methyl 
p-erythrosides (see below), indicate that the specific rotation of D- or L-erythrose is 
—38° or +38° (+3°). 

The current procedure for preparing L-erythrose may be found more satisfactory than 
previous means for obtaining this tetrose. Of other methods available the sulphone 
degradation (13) of diethyl dithio-L-arabinose affords the highest over-all yield of chro- 
matographically pure L-erythrose (13), although the low specific rotation ([a]p +23°) 
recorded for the syrupy product (13) suggests the presence of an undetected impurity. 

Hockett and Maynard (15) found that D-erythrose reacts with methanolic hydrogen 
chloride (16) to form a mixture of the a- and 6-furanosides (VII and VIII) rather than 
the dimethyl acetal or dimeric products, in this respect resembling more closely the 
higher-order sugars rather than DL-glycerose (17). In the current study it was of interest 
to isolate the isomeric tetrosides, which represent the simplest of the true glycosides. 
Di-O-formyl-p-erythrose (1), in 1% methanolic hydrogen chloride at room temperature, 
was rapidly deacylated and converted to a mixture of the glycosides. The anomeric 
compounds were readily distinguished on paper chromatograms (which showed also that 
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other products were produced in only minor proportions), and were separated by chro- 
matography on a cellulose column. The ratio of a- to B-anomer formed was about 1 to 3, 
whereas Hockett and Maynard found the ratio to be about 4 to 5 (15) and, recently, 
Ballou (18) has reported that the 6-anomer is produced almost exclusively. In all three 
instances the reaction conditions used appear to have been similar and no explanation 
is offered to account for these wide variations. It may be noted, however, that the trans- 
B-glycoside always predominates in the mixtures. 

Both glycosides were isolated as analytically pure syrups and characterized by optical 
properties and glycol-cleavage oxidation. Methyl 8-b-erythroside was smoothly converted 
to a 2,3-cyclic carbonate, and a di-p-nitrobenzoate of the a-anomer was prepared. On 
hydrolysis with dilute aqueous acid each glycoside afforded chromatographically pure 
p-erythrose, the calculated specific rotation of the latter being [a]) —36° to —39°. 

For the preparation of methyl a- and 8-D-threo-tetrofuranosides (IX and X), di-O- 
formyl-D-threose (2) was treated with methanolic hydrogen chloride as for the corre- 
sponding D-erythrose derivative. The specific rotation of the syrupy product and of the 
dialdehydes derived by periodate oxidation indicated that the a- and 8-glycosides were 
formed in a ratio of about 3 to 2. The mixture was not well resolved on paper chromato- 
grams and only a partial separation was effected on a cellulose column. Presence of two 
major components in the reaction mixture in the ratio given above was demonstrated 
more satisfactorily by gas-liquid chromatography* and small analytically pure samples 
of the a- and 6-threosides were obtained by this chromatographic method. Methyl 
a-D-threoside was isolated also via the mixture of derived di-p-nitrobenzoates by fractional 
crystallization and deacylation. 

The possibility of preparing methyl a-p-threoside by means of the Koenigs—Knorr 
reaction (20) was examined briefly. Extensive studies on the halides of O-acyl-pentofura- 
noses (21) have shown that the 1,2-trans-glycoside is generally formed starting with 
either the a- or B-halide. Applied to the p-threofuranose series, formation of the a-glycoside 
was to be expected. Tri-O-acetyl-p-threofuranose (22) was accordingly treated with 
hydrogen bromide in acetic acid, yielding an unstable syrupy product which appeared 
to contain both anomeric bromides. Reaction of this material with methanol, either in 
the presence or absence of silver oxide, led to formation of the mixed a- and §-glycosides, 
with the former predominating. Under the conditions used, therefore, the reaction was 
less stereospecific than usually encountered with the higher sugars and did not constitute 
a satisfactory preparative procedure. 

The behavior of the various glycosides towards glycol scission by lead tetraacetate in 
acetic acid (23) was in general accord with the oxidation characteristics of related five- 
membered ring compounds. The steric arrangement of the vic-diol group of the D-ery- 
throsides should correspond closely to that found in cyclopentane-cis-1,2-diol (24) and 
1,4-anhydro erythritol (25) and, accordingly, these glycosides consumed oxidant extremely 
rapidly (Table I), as already shown for the mixed anomers (15). Similarly, as with cyclo- 
pentane-trans-1,2-diol (23) and 1,4-anhydro-t-threitol (26, 27), the D-threosides were 
attacked relatively slowly (Table I). The oxidation rates for the anomeric forms differed 
substantially, however, in contrast to the more uniform behavior of anomeric pyranose 
glycosides towards lead tetraacetate. 

*This technique has been shown to be highly effective for separating the anomeric forms of some methyl hexoside 
methyl ethers (19). 

tA notable exception is the observation that the a-anomer of methyl 2-deoxy-D-erythropentopyranoside consumes 


lead tetraacetate almost twice as rapidly as does the B-anomer (28). In the periodate oxidation of sterically rigid 
bicyclic methyl glycosides, substantial anomeric differences have been observed (29). 
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TABLE I 
Properties of the methyl D-tetrofuranosides 











Isomer [a2 {a} dialdehyde* Oxidation rate (k)t 
a-D-Erythro-(VI1) +133° +121° Fast (0°)t 
B-p-Erythro-(VIIl) |. —148° —119° Fast (0°)f 
a-D-Threo-(1X) +97° +113° 0.084 (25°)§ 
B-p-Threo-(X) —193° —116° 0.49 (25°)§ 





*p’- of L’-Methoxy-diglycolic aldehyde formed by periodate oxidation. Derived from 
crystalline methyl pentosides, these dialdehydes show leld +122-124° (37, 38). 

tRate of lead tetraacetate oxidation in mole liter minute. Cyclopentane-trans-1,2-diol 
gives k20° 12.8 (24). 

tOne mole of oxidant per mole was consumed within 45 seconds. 

§The compound was not hydrolyzed when kept in acetic acid at 25° C for 6 hours. 


EXPERIMENTAL 


Paper chromatography was carried out using as solvents (A) ethyl acetate — acetic 
acid — formic acid — water (18:3:1:4), (B) butan-1l-ol—ethanol-water (40:11:19), and 
(C) ethyl acetate — pyridine — water (100: 40:30). 

Gas-liquid chromatography was carried out as described by Craig and Murty (30), 
using a succinate — ethylene glycol polyester on Chromosorb W at a column temperature 
of 205° and a helium flow of 60 ml/minute. 

Solutions were concentrated in vacuo at 40° C. Melting points are corrected. Boiling 
points cited are air-bath temperatures. Optical rotations were measured at approxi- 
mately 25°. 


2,3-O-Isopropylidene-L-rhamnose (1) 

A slight modification of the procedure of Fischer (16) was used. L-Rhamnose hydrate 
(30 g) was dehydrated by heating im vacuo at 100° C for 3 hours. Dry acetone (300 ml) 
was added, followed by a solution of acetone (20 ml) containing hydrogen chloride 
(1.5 g), and the mixture was shaken at room temperature until the solid dissolved (1-2 
hours). Excess ammonia was bubbled into the solution, the ammonium chloride filtered 
off, and the filtrate concentrated. The syrupy residue was dissolved in water (50 ml), 
extracted twice with ethyl acetate (100 ml), and the extract was washed twice with 
water (25 ml), dried over sodium sulphate, and concentrated. Weight, 19.0 g, [aly +6° 
(c, 4.3, HO). Paper chromatographic examination of the syrupy product and of the 
aqueous fractions indicated that the former consisted almost exclusively of monoacetone 
L-rhamnose (Ry 0.9, solvent B) and the latter mainly of L-rhamnose. Five grams of 
2,3-O-isopropylidene-8-L-rhamnose, m.p. 88-90° C, [a]lp +17° (equilibrium value) 
(c, 2, HO), was obtained from a solution of the syrup in ether—hexane, but prolonged 
storage of the mother liquor in the cold failed to yield additional crystalline material. 
(For further examination of the syrupy residue, see below.) 


2,3-0-Isopropylidene-L-erythruronic Acid (II1) 

2,3-O-Isopropylidene-8-L-rhamnose (1.0 g) was dissolved in water (50 ml), 0.1 NV 
iodine (110 ml containing 2.4 g of potassium iodide) was added, and the solution cooled 
in an ice bath. Sodium hydroxide (N, 17.0 ml) was added dropwise with good stirring 
during a period of 15 minutes. At 45 minutes, titration of a portion of the reaction mixture 
showed that the consumption of hypoiodite was 1.0 mole/mole. A few drops of 0.1 N 
thiosulphate was added to decolorize the solution, silver acetate (7.0 g) was added and 
the suspension stirred at room temperature for 15 minutes, and sodium chloride solution 
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then added to remove excess silver ion. The suspension was filtered, the filtrate cooled 
to 5° C, and powdered sodium periodate (1.0 g) added. After 30 minutes, the oxidaticn 
mixture (which gave a faint test for excess periodate) was concentrated to a volume of 
200 ml, acidified with Amberlite [R-120, and the solution and resin were extracted 5 times 
with ethyl acetate (50 ml). The combined extract was washed twice with water (25 ml) 
and dried over sodium sulphate. Evaporation of the solvent afforded a syrup which 
rapidly solidified (weight, 0.65 g), m.p. 92-98° C. (Rr 0.85, solvent A, yellow color with 
p-anisidine hydrochloride spray (31).) Recrystallized from ethyl acetate — hexane, the 
product had a melting point of 103-104° C, [alp +1.4° (c, 1.4, H2O). Calculated for 
C7HwOs: C, 48.27%; H, 5.79%. Found: C, 48.05%; H, 5.76%. 


L-Erythrotetruronic Acid 

Monoacetone L-erythruronic acid (28 mg) in water (2.0 ml) was heated on the steam 
bath: ap +0.02° (1 dm, initial) — ap —0.20° (60 minutes, constant); [a]p —18° (calc.). 
(p-Erythruronic acid has [a]p +18° (3).) Chromatographic examination of the hydrolyzate 
indicated the presence of one component travelling at the rate of D-erythrotetruronic 
acid (Rgq 1.4, solvent A) and giving an intense yellow color (which appears in the cold 
and intensifies on heating) with p-anisidine hydrochloride spray. 


p-Erythrono-y-lactone 

Monoacetone L-erythruronic acid (0.3 g) was reduced with sodium borohydride 
(0.3 g) in water—-methanol (2:1). The isopropylidene group of the syrupy product was 
hydrolyzed at 100° C in 80% acetic acid for 1.5 hours, affording D-erythrono-y-lactone 
(0.1 g), which, recrystallized from ethanol, had a melting point of 100-102° C, unde- 
pressed, [a]p —73° (c, 2.4, H2O). (Lit. (1): m.p. 103-104° C; [a]p —72°.) Calculated for 
C,H,O,: C, 40.68%; H, 5.12%. Found: C, 40.69%; H, 5.16%. 


2,3-O-Isopropylidene-L-erythrose (V) 

2,3-O-Isopropylidene-L-rhamnose (2.0 g) in water (80 ml) was added dropwise to a 
well-stirred solution of sodium borohydride (0.8 g) in ice water (40 ml). After 4 hours 
at room temperature, acetic acid was added slowly to destroy excess borohydride and to 
adjust the pH to 6. The solution was cooled externally to 10° C, and powdered sodium 
periodate (2.2 g) was added portionwise over a period of 15 minutes. The reaction mixture 
was kept at 25° C for 3 hours (it then gave a faintly positive test for periodate), then 
concentrated to a volume of about 25 ml, and the slurry extracted 4 times with ethyl 
acetate (50 ml). After the extract was washed twice with water (15 ml) and dried over 
sodium sulphate, the solvent was evaporated off affording a clear, colorless syrup* 
(1.3 g) (Re 0.8, solvent B) which solidified almost completely when stored overnight 
at 3° C. The crystalline material melted at 27-30° C. After distillation (60—70° C (bath) 
at 10 mm) the product still contained a small proportion of liquid, and the crystalline 
material melted at 29-31° C, [alp +72° (c, 2.4, CH;0H) (no mutarotation observed). 
Calculated for C7H 1204: C, 52.49%; H, 7.55%. Found: C, 52.53%; H, 7.56%. 


2,3-O-Isopropylidene-L-erythrose from Syrupy Monoacetone L-Rhamnose 

A sample (1.0 g) of the material remaining after crystallization of I (above) was treated 
with sodium borohydride followed by periodate oxidation, as in the preparation of V. 
The syrupy product (0.8 g) was distilled (50—70° C (bath) at 2 mm) affording a colorless 
syrup which solidified almost completely at 3° C. The melting point of the crystalline 


*This product is moderately volatile, and hence should not be dried for a prolonged period in vacuo. 
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material was 27-31° C. In addition to V, the product was found chromatographically to 
contain a minor component (R,- 0.9, solvent B) that was detected with aniline oxalate 
but did not give the tetrose color. Attempts to purify the monoacetone-L-erythrose by 
recrystallization from various solvent systems were unsuccessful. 


L-Erythrose 

2,3-O-Isopropylidene-L-erythrose (19.3 mg) in 0.1 NV sulphuric acid (1 ml) was heated 
on the steam bath: ap +1.22° (1 dm, initial) —- +0.97° (30 minutes, constant); [a]p +39° 
(calc.). After neutralization with Dowex-1 resin (bicarbonate form) the hydrolyzate was 
found chromatographically (solvent C) to contain a single component travelling at the 
rate of D-erythrose and giving the typical tetrose fluorescence under ultraviolet with 
aniline oxalate spray (32). The infrared absorption spectrum (potassium bromide disk) 
of the product was indistinguishable from that of D-erythrose. Reduction of the product 
with aqueous sodium borohydride yielded chromatographically pure erythritol, m.p. 
118-120° C, undepressed. Calculated for CyHwO4: C, 39.34%; H, 8.25%. Found: C, 
39.43%; H, 8.30%. 


2,3-O-Isopropylidene-L-rhamnitol 

2,3-O-Isopropylidene-L-rhamnose (0.5 g) in absolute ethanol (10 ml) was heated at 
100° C for 8 hours at a pressure of 1400 p.s.i. of hydrogen in the presence of Raney nickel 
catalyst (0.3 g). The catalyst was filtered off and the filtrate evaporated, affording a 
colorless syrup (0.5 g) which gave a single spot on a paper chromatogram (R, 0.7, solvent 
B, ammoniacal silver nitrate spray (33)), [a]lp +5.5° (c, 4.1, CH;0H). Presence of an 
isopropylidene group was indicated by the infrared absorption spectrum. The product 
consumed 1.0 mole of periodate per mole, affording 2,3-O-isopropylidene-L-erythrose. 
Acetylation and benzoylation gave amorphous products. 


Reaction of Di-O-formyl-p-erythrose with Methanolic Hydrogen Chloride 

Di-O-formyl-b-erythrose syrup (1) (3.2 g) in methanol (50 ml) (ap +0.14°) was 
treated with 2.5% methanolic hydrogen chloride (35 ml) at 25° C, the observed rotation 
changing to ap —1.65° (5 minutes, constant). Excess silver carbonate was added, the 
neutral filtrate was treated with hydrogen sulphide and again filtered, and the solution 
was concentrated to yield a colorless syrup (2.2 g), [a]lp —49° (c, 4.4, CH3;0H). Examined 
by paper chromatography (solvent B), the syrup was found to contain two main com- 
ponents (Rr 0.59 (major) and Ry 0.66), a small proportion of free erythrose, and two 
trace components (R, 0.74 and Ry 0.79). 


Methyl B-p-Erythrotetrofuranoside (11) 

Methyl p-erythroside syrup (5.5 g) was chromatographed on a cellulose column using 
benzene-ethanol—water (500:50:1) as solvent. The component (R, 0.59) was eluted from 
the column first and isolated as a colorless syrup (3.5 g), b.p. 80-90° C at 0.5 mm; mp 
1.4630, [a]p — 148° (c, 1.5, H2O). (Ballou reports [a]p — 149° (c, 1, CHCI;) (18).) Calculated 
for CsHO.4: C, 44.77%; H, 7.52%. Found: C, 44.30%; H, 7.62%. 

The glycoside was hydrolyzed with 0.1 N sulphuric acid at 100° C to constant rotation 
in 30 minutes. Calculated for chromatographically pure D-erythrose formed [a]p —36° 
(in the acid solution, and after treatment with Dowex-1 resin (bicarbonate form)). 

Oxidized with sodium periodate, the uptake by the glycoside was 1.0 mole/mole, and 
the observed rotation changed from ap —2.55° (c, 1.75) to —2.06° (20 minutes, constant). 
Calculated for dialdehyde formed [a]p — 119°. 
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Methyl B-p-Erythrofuranoside-2,3-carbonate 

Methyl 6-p-erythroside (0.9 g) was dissolved in pyridine (30 ml) and to the stirred 
solution was added dropwise a solution of phosgene (0.75 g) in toluene (35 ml) (34). 
After 18 hours the solid pyridine hydrochloride was filtered off, the filtrate concentrated, 
and the residue taken up in chloroform. The chloroform solution was washed twice with 
copper sulphate solution, then with bicarbonate solution, twice with water, dried over 
sodium sulphate, and concentrated. The syrupy product (1.0 g) solidified, and recrystal- 
lization was effected from ethyl acetate —- hexane, m.p. 73° and [alp —152° (c, 2.4, 
CHCI;). Calculated for CgHsO;: C, 45.00%; H, 5.01%. Found: C, 44.81%; H, 5.01%. 
The infrared absorption spectrum showed a major broad peak at 1790-1795 cm, 
characteristic of a cyclic, rather than acyclic, carbonate group (35). 


Methyl a-b-Erythrotetrofuranoside (1) 

Following elution of the 6-glycoside from the cellulose column, a fraction consisting 
mainly of the a-anomer was obtained (0.6 g), rechromatographed on the cellulose column, 
and distilled (b.p. 65-85° C at 0.2 mm); mp 1.4665, [a]p +133° (c, 1.2, H.O). Calculated 
for CsHyO,4: methoxyl, 23.1%. Found: methoxyl, 22.8%. 

On hydrolysis with 0.1 N sulphuric acid at 100° C to constant rotation, the observed 
value corresponded to [a]p —37° for chromatographically pure D-erythrose formed; after 
neutralization with Dowex-1 (bicarbonate form), [a]p —39°. 

Treated with sodium periodate, the glycoside consumed 1.0 mole/mole, the observed 
rotation changing from ap +1.71° — +1.48° (10 minutes, constant). Calculated for the 
dialdehyde formed, [a]lp +121°. 


Methyl a-D-Erythrofuranoside Di-p-nitrobenzoate 

Methyl a-p-erythroside (0.10 g) in pyridine (5 ml) was treated with p-nitrobenzoyl 
chloride (0.65 g) at 55° C for 4 hours. On addition of aqueous sodium bicarbonate, a 
solid product was obtained (0.30 g) and was recrystallized from ethyl acetate — hexane, 
m.p. 109-110° C and [a]p —17.3° (c, 1.7, CHCI;). Calculated for CigHig010N2: C, 52.78%; 
H, 3.73%. Found: C, 52.84%; H, 3.60%. 


Reaction of D-Threose Formate with Methanolic Hydrogen Chloride 

p-Threose formate syrup (2) (4.5 g), treated with methanolic hydrogen chloride as 
described above, afforded a colorless syrup (2.6 g). Purified by distillation (b.p. 75-90° C 
at 0.2 mm) the product had [a]p +7.9° (c, 2.4, H2O) and, examined by paper chromatog- 
raphy (solvent B), was found to contain two major tetrose components (R, 0.65 and 
0.62; overlapping, with the former predominant) and a minor tetrose component 
(Ry 0.75). On treatment with periodate the mixture consumed 0.9 mole of oxidant per 
mole, the calculated value of [a]p +33° for the dialdehydes formed corresponding to an 
a,8-mixture of about 3 to 2. Calculated for C;H1O4: methoxyl, 23.1%. Found: methoxyl, 
24.6%. 


Methyl a- and B-b-Threotetrofuranosides 

Vapor phase chromatography of the syrupy mixture of D-threosides readily separated 
the two major components from each other, and showed them to be present in a ratio 
of about 3 to 2 (a- to B-). On a preparative scale, 50-100 mg of each component was 
isolated by repeated chromatographic runs, and purified by distillation. 

The first of the two components to emerge from the column was the 8-anomer (R,r 0.62, 
b.p. 80-90°/0.2 mm), [a]p —193° (c, 1.1, HxO). The glycoside consumed 1.0 mole of 
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periodate per mole, affording a dialdehyde having [a]p —116° (calculated). Calculated 
for CsH O04: C, 44.77%; H, 7.52%. Found: C, 44.60%; H, 7.48%. 

The a-anomer (Rr 0.65, b.p. 85-100°/0.2 mm) had [a]p +97° (c, 1.6, HO). It consumed 
1.0 mole of periodate per mole, yielding a dialdehyde having [a]p +113° (calculated). 
Calculated for C5HO4: C, 44.77%: H, 7.52%. Found: C, 44.73%; H, 7.31%. 


Methyl a-b-Threofuranoside Di-p-nitrobenzoate and Methyl a-b-Threofuranoside 

The mixture of a- and 6-p-threosides (0.5 g) was treated with p-nitrobenzoyl chloride 
as described above, and the amorphous product (1.2 g) was taken up in ethyl acetate — 
hexane. Crystalline material (0.6 g) was deposited and recrystallized twice from the 
same solvent, m.p. 131-133°C and [alp —115° (c, 2.0, CHCl;). Calculated for 
CiHyOwNe: C, 52.78%; H, 3.78%. Found: C, 52.80%; H, 3.65%. 

The di-p-nitrobenzoate (0.3 g) suspended in methanol (20 ml) was treated under reflux 
with sodium methoxide (0.1 NV, 2 ml). Acetic acid was added to neutrality, the methanol 
evaporated off, and the residue taken up in water and extracted three times with benzene. 
The aqueous layer was concentrated, and the product distilled, [a]p +96° (c, 2.2, H.O). 
The infrared absorption spectrum of the syrup was indistinguishable from that of methyl 
a-D-threoside and different from that of the 8-glycoside. 


Methyl 8-p-Threofuranoside Di-p-nitrobenzoate 

A syrup consisting mainly of methyl 8-p-threofuranoside ([a]p — 165°) was obtained 
by partial separation of the mixed threosides on a cellulose column using benzene- 
ethanol—-water (1000:15:0.5). Treatment with p-nitrobenzoyl chloride afforded a di-p- 
nitrobenzoate which, when crystallized from ethyl acetate —- pentane, had a melting 
point of 55-57° C, [alp —213° (c, 1.6, CHCl). Calculated for CigHigQ.0N2 (containing 
a mole of ethyl acetate): C, 53.05%; H, 4.62%; N, 5.38%; acetyl, 8.27%. Found: C, 
53.03%; H, 4.63%; N, 5.21%; acetyl, 7.81%. 


Preparation of the Methyl p-Threosides via Acetobromo-pD-threose 

Tri-O-acetyl p-threose (22) (0.50 g) in chloroform (4 ml) ([a]p +35°) was treated with 
hydrogen bromide (2 ml, 40% in acetic acid). Within 5 minutes the observed rotation 
was constant, giving a calculated value of [a]p —10°. The solution was quickly concen- 
trated, toluene being added 4 times in completing the evaporation of solvent, affording 
a pale yellow syrup (0.54 g). (Attempts to dry a portion thoroughly for analysis resulted 
in rapid darkening, and no crystalline product could be isolated from cold ether—-hexane.) 

The syrup (0.1 g) in methanol (5 ml) was shaken for 18 hours with silver oxide (0.3 g) 
and Drierite (0.7 g). Found: [a]p —5° (calculated for methyl tetroside). In the absence 
of silver oxide and Drierite the observed rotation of the solution was constant in 10 
minutes, [a]p —6° (calculated for methyl tetroside). Both products were deacylated with 
sodium methoxide, and found by paper chromatography to contain mainly methyl 
threoside, [a]p +25° (c, 1, HO). The infrared absorption spectra of the deacetylated 
products were closely similar to that of methyl a-p-threoside. Examined by vapor phase 
chromatography the a- and 8-anomers were detected in the products in a ratio of about 
3 to 1. 


Lead Tetraacetate Oxidations 

The methyl D-erythrosides (40 mg) in 5 ml of acetic—-propionic acid mixture (75:25) 
(2) were each treated at 0° C with lead tetraacetate solution (50 mg in 4 ml of the same 
solvent). Oxidation of the methyl p-threosides was carried out in acetic acid at 25°C, 
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using the same concentration of reactants. Reaction rates were measured as described 
by Criegee (36). 
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CHEMICAL SHIFTS IN THE N.M.R. SPECTRA OF 
SUBSTITUTED XYLENES' 


ROBERT R. FRASER 


ABSTRACT 


The complete results of analysis of the N.M.R. spectra of twelve 2,6-dimethyl-1l-substituted 
benzenes are reported. The results are interpreted as evidence that the ability of the substituent 
to donate or withdraw electrons by resonance interaction with the benzene ring is a major 
factor in determining the position of absorption of the protons attached to the ring. The 
chemical shifts and coupling constants for nitroethylene are also reported. 


The study of the effect of a substituent on the position of absorption in the N.M.R. 
spectra of protons attached to a benzene ring has been greatly hindered by the complexity 
of the spectra of monosubstituted benzenes. These spectra generally fall in the classifica- 
tion 4B.C, following the nomenclature of Bernstein, Pople, and Schneider (1). Analysis 
of such a five-spin system is extremely tedious even in the case of pyridine, which belongs 
to the slightly simpler 4 B»,X» system (2). For this reason little work has appeared in the 
literature on the correlation of chemical shifts of protons on a benzene ring with sub- 
stituents since the first report by Corio and Dailey (3). These authors reported the values 
50, 5m, 5p for the chemical shifts of the ortho, meta, and para protons in the N.M.R. 
spectra of 22 monosubstituted benzenes. Their analysis was of a qualitative nature on 
spectra whose resolution was limited by the use of a transmission frequency of 30.00 
Mc/sec. Furthermore Bothner-By and Glick subsequently showed that solvent effects 
were responsible for inaccuracies of as much as 0.07 p.p.m. in the values for 6, (4). Correla- 
tion of their 6 values with Hammett’s o constants gave only rough agreement although 
Taft later showed that agreement to within 0.07 p.p.m. could be obtained employing the 
equation* 6, = +0.400;+1.04c,”°+0.02 (5). In this equation oc; is the inductive sub- 
stituent constant of Taft (6) and cp° is the resonance substituent constant corrected for 
isovalent conjugation (5). Taft has interpreted this agreement to be an indication that 
polarization effects in the transition state are sufficiently similar to those in the ground 
state to give the correlation between o and 4, (7). 

An alternative theory of the origin of chemical shift differences in the ring protons of 
monosubstituted benzenes has been suggested in a recent article by Buckingham (8). He 
proposes that the screening constant for each proton is determined by the ‘‘internal 
electric field’ of the molecule. In addition polarization of the surrounding solvent by the 
solute produces a “‘reaction field’ whose effect combines with that of the electric field to 
give the total effect on the screening constants. He has derived expressions for these two 
fields in terms of the dipole moment of the solute, its refractive index, and the dielectric 
of the solution from which screening constants can be directly calculated. Calculations 
for nitrobenzene gave values of —0.69, —0.40, and —0.51 p.p.m. relative to benzene for 
the ortho, meta, and para protons in fair agreement with the values —0.97, —0.30, and 
—0.42 observed by Corio and Dailey. In order to provide data which might aid in the 
elucidation of the cause of chemical shift differences with different substituents, a series 

1Manuscript received June 29, 1960. 

Contribution from the Department of Chemistry, University of Ottawa, Ottawa, Ontario. This paper was 
presented at the 43rd Annual Conference of the Chemical Institute of Canada, Ottawa, June 13-15, 1960. 


*It should be noted that Corio and Dailey employ 6p = 10°{(Hrer—H)/Hret}, which causes negative signs to 
represent shifts to higher field. 
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of 2,6-dimethyl-1-substituted-benzenes were synthesized and their spectra obtained with 
a Varian V-4302 spectrometer using a 60 Mc/sec r.f. unit. These xylene derivatives were 
selected for study since they provide spectra which can be accurately analyzed. 


RESULTS AND DISCUSSION 


The results of analysis of the spectra of 12 substituted xylenes are given in Table I. 


TABLE I 
Results of analysis of twelve 2,6-dimethyl-l-substituted benzenes (substituent o values are also given) 











Substituent Avn* Av,* Avm’ om op oR TcHst 
CN 12.9 0.3 2.6 0.62 0.68 0.10 7.52 
Br 16.8 16.8 6.5 0.39 0.23 —0.22 7.61 
I 18.4 14.4 8.1 0.35 0.28 —0.11 7.54 
F 22.5 26.5 12.2 0.35 0.08 —0.44 7.76 
D 24.8 14.5 14.5 0.00 0.00 0.00 7.73 
OH 25.8 39.0 15.5 0.08 —0.35 —0.60 7.88 
NH: 29.0 47.2 18.7 —0.15 —0.66 —0.76 7.89 
NOz 12.5 5.2 2.2 +0.05 7.68 
COOH 16.0 7.0 5.7 +0.06 7.55 
OCH; 23.5 29.0 13.2 —0.20 7.78 
NHCH; 25.5 35.8 15.2 —0.39 7.76 
N(CHs)2 26 26 15.7 —0.21 7.76 





Note: All the ¢ values for the first seven substituents are taken from R.W. Taft, Jr., N. C. Deno, and A. S. Skell. Ann. Rev. 
of Phys. Chem. 9, 292 (1958). The oR values for the last five substituents are calculated from normal eR values by correcting for 
the percentage of steric inhibition of resonance. The percentage inhibition was taken from the following sources: R. W. Taft, Jr. 
and H. D. Evans. J. Chem. Phys. 27, 1427 (1957), who reported NOz (67%), OCHs (59%), and N(CHs)2 (75%); B. M. Wepster. 
Rev. trav. chim. 76, 335, 357 (1957), who found NO: (69%), N(CHs)2 (80%), and NHCHs (60%); A. Burawoy and J. T. Chamber- 
lain. J. Chem. Soc. 2310 (1952), from whose results the value 62% is calculated for OCH3; and G. M. Moser and A. I. Kohlenburg. 
J. Chem. Soc. 805 (1957), from whose data the value 50% is estimated for COOH. For a discussion of steric inhibition of resonance 
in these compounds see B. M. Wepster. Progress in stereochemistry. Vol. 2. Edited by W. Klyne and P. B. D. de la Mare. Butter- 
worths Scientific Publications, London. 1958. } 

*Avm and Avp are the chemical shifts in cycles/sec at 60 Mc/sec relative to the internal reference benzene for the meta and para 
protons. 

trcHsg gives the chemical shift of the ortho methyls expressed as parts per million with tetramethylsilane assigned a value 10.00. 


The protons attached to the aromatic ring appeared in all but three cases as an AB, 
pattern whose general solution has been reported in reference 1. The spectrum consists of 
eight transitions whose energies and intensities are dependent only on the ratio J, ,/Av4,.* 
In Fig. 1 the spectra of 2,6-dimethylphenol, 2,6-dimethylanisole, and N,N-dimethyl-2,6- 
dimethylaniline are shown. They illustrate cases where the ratio is less than one, about 
one, and much greater than one, respectively. In 2,6-dimethylphenol, as in all AB, 
systems, line 3 gives the position of chemical shift for the A nucleus, unmodified by spin 
coupling. The corresponding position for the B nuclei is the mean of transitions 5 and 7. 
Thus Avgg = Avy—Av,, can be obtained directly from the spectrum. In the spectrum of 
this compound transitions 5 and 6 could not be resolved. To insure accurate results, 
theoretical spectra were calculated for various ratios of J/Av,4z until agreement with the 
observed spectra to within 0.4 cycle/sec for each transition was obtained. In most spectra 
the agreement was within 0.2 cycle/sec for each transition. In all spectra J4, was found 
to be 7.7 cycles/sec. The spectra of N,N-dimethyl-2,6-dimethylaniline and 2,6-dimethyl- 
bromobenzene showed only a single observable peak under high gain and it is estimated 
that the chemical shift of the meta and para protons in these two compounds is the same 
to within 3.0 cycles/sec. 

*Japn is the coupling constant between the para (A) and meta (B) protons. Avap = v4—vp represents the 


chemical shift between the meta and para protons. The symbol Av is used to denote chemical shifts in units of 
cycles per second as recommended by Pople, Schneider, and Bernstein (11). 
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Fic. 1. (A) Aromatic proton absorption of 2,6-dimethylphenol (side bands at 40.0 cycles/sec) as a 10% 
solution in carbon tetrachloride. (B) Aromatic protons of 2,6-dimethylanisole (side bands at 35.1 cycles/sec ) 
and (C) N,N-dimethyl-2,6-dimethylaniline (side bands at 25.0 cycles/sec) as 10% solutions in carbon 
tetrachloride. 


In 2,6-dimethylfluorobenzene coupling of the fluorine atom with the meta and para 
protons resulted in the more complex spectrum shown in Fig. 2. By neglecting coupling 
of the methyl groups with the ring protons we can classify the aromatic protons and the 
fluorine nucleus as an AB.X system. In order to simplify the calculations we have 
considered the aromatic proton spectrum as the sum of two AB, systems. This type of 
simplification has been employed previously by Anet in the analysis of the 2,3-dibromo- 
butanes (9). When the X nucleus, fluorine, has a spin of +1/2 the aromatic protons will 
form one AB, system. When fluorine has a spin of —1/2 the aromatic protons comprise 
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Fic. 2. Aromatic absorption of 2,6-dimethylfluorobenzene (side bands at 30.0 cycles/sec) as a 10% 
solution in carbon tetrachloride. 


a second AB, system of equal total intensity. From the experimentally determined 
spectrum we found the chemical shift for the widely separated AB, system to be 8.6 
cycles/sec. Using the values Jra, = 7.0 cycles/sec, Jry, = +2.2 cycles/sec, and 
Jan = 7.7 cycles/sec, it was then possible to calculate the complete spectrum for the 
aromatic protons. Two solutions were obtained, one for the case where the coupling 
constants between fluorine and the meta and para protons are of opposite sign (Fig. 3A) 
and one where the coupling constants are of the same sign (Fig. 3B). The numerical 
values for the fluorine-hydrogen coupling constants were chosen from the results of 
Gutowsky, Holm, Saika, and Williams, who observed the coupling between the ring 
protons and fluorine in fluoromesitylene to be 7.0 cycles/sec and the coupling between 
fluorine and a para proton to be 2.2 cycles/sec in several fluorinated benzenes (10). The 
line width of the strongest peak in the observed spectrum suggests that it is due to an 
AB, system having a very large ratio of J/Av,x as depicted in Fig. 3A. In addition failure 
to observe the transition at +2.2 cycles/sec shown in Fig. 3B further indicates that the 
observed spectrum is due to a system in which the two fluorine—proton coupling constants 
are of opposite sign. Unfortunately an element of doubt remains as the differences between 
the two theoretical spectra are not large. The spectrum of 2,6-dimethylfluorobenzene was 
also measured in acetone, methylene iodide, dimethylsulphoxide, and aqueous methanol. 
Only in acetone was the spectrum altered significantly, Av4, for the well-resolved AB, 
system being increased to 10.1 cycles/sec. Again better agreement between observed 
and calculated spectra was obtained assuming the fluorine-hydrogen coupling constants 
to be of opposite sign. With the values chosen in Fig. 3A, the chemical shift difference 
between the meta and para protons is found to be 4.0 cycles/sec with the para proton at 
higher field. The alternative assumption increases the difference to 6.2 cycles/sec. The 
methyl groups in 2,6-dimethylfluorobenzene appeared as a doublet of spacing 2.05 cycles/ 
sec due to coupling with the fluorine nucleus. 

Before the results are examined it is necessary to make a correction in the Av, values. 
The spectrum of 2,6-dimethyldeuterobenzene shows that the meta protons are shifted 
10.3 cycles/sec more to high field than the para ones by the methyl groups. Whatever 
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Fic. 3. Theoretical spectra of aromatic protons in 2,6-dimethylfluorobenzene. 
(A) For Jas = 7.7 cycles/sec, Jr_-ag = 7.0 cycles/sec, Jpn, = —2.2 cycles/sec, Avops = 8.6 cycles/sec. 
(B) For Jas = 7.7 cycles/sec, Jp_ng = 7.0 cycles/sec, Jpn, = 2.2 cycles/sec, Avors = 8.6 cycles/sec. 


In this diagram transitions of intensity less than 40% of band at +5.6 are not included. The positions 
of the A and B nuclei in the absence of coupling are shown below the abscissa. 


the origin of this preferential shift, it is necessary to assume that it remains constant 
throughout the series of compounds measured. If this is true we can assign Ay,’ values 


Av—10.3 to the meta protons. Now the effect of the methyls is removed and the substituent 














FRASER: SUBSTITUTED XYLENES 2231 


effect of a deuterium atom appears the same at the meta and para positions. The Ay,,’ 
values are also given in Table I. Let us now consider the chemical shifts observed in 2,6- 
dimethylaniline and its N,N-dimethyl derivative. The para proton in 2,6-dimethylaniline 
occurs at 47.2 cycles/sec relative to benzene, the meta proton at 29.0 cycles/sec relative 
to benzene. The value Av, — Ap,,’ shows that the amino substituent causes the para proton 
to be shifted 28.5 cycles/sec to higher field relative to the meta, which is corrected for the 
effect of the methyl group. On the other hand the dimethylamino substituent can be 
seen to cause only a 10.3 cycles/sec preferential shift of the para proton to higher field. 
It has been established by ultraviolet spectroscopy and by chemical reactivity (see 
references 1 and 2 in Table I) that two methyl groups ortho to a dimethylamino group 
greatly inhibit its resonance interaction with the benzene ring by preventing it from attain- 
ing coplanarity with the ring. The large difference in chemical shifts in 2,6-dimethylaniline 
can be explained by a resonance effect. That is to say the nitrogen atom donates its 
electrons to the para position more than to the meta position in the ground state and the 
increase in electron density results in a shift to higher field. The resonance interaction of 
the dimethylamino group with the ring is greatly decreased and so the effect on the 
shielding of the para and meta protons is also greatly diminished. The screening at the 
meta and para positions in the two compounds was calculated from the equations derived 
by Buckingham. The values 1.62 and 0.94, which Fischer found (12) for the dipole moments 
of 2,6-dimethylaniline and N,N-dimethyl-2,6-dimethylaniline, were used in the calcula- 
tion. The dielectric constants for 5% solutions in carbon tetrachloride were estimated to 
be 2.5 and 2.4 respectively. 

For 2,6-dimethylaniline the equations of Buckingham give values for Avy,’ and Av, of 
6.4 cycles/sec and 7.2 cycles/sec. For the N,N-dimethyl derivative values of 3.7 and 4.1 
cycles/sec were obtained. When these are compared with our experimental results it 
can be seen that the agreement is very poor. 

A more obvious contradiction of the electric field effect is seen in the data for 2,6- 
dimethylfluorobenzene. Its dipole moment will most certainly be greater than zero with 
the negative end directed away from the ring.* Electric field theory then predicts that the 
para protons will be less screened than the meta when, in fact, the opposite situation has 
been found. 

A plot of Av,’ and Av, against the Hammett sigma constants for each substituent is 
shown in Fig. 4. No linear relationship is seen as the strongly electron-donating sub- 
stituents appear at too high field. The same type of behavior was found for the F™ 
chemical shifts determined by Gutowsky (14). However, Taft later showed that the 
observed chemical shifts could be correlated with the inductive and resonance substituent 
constants o; and og (7). The measured chemical shifts for the seven compounds whose 
substituents are free of steric inhibition of resonance were tested for correlation by the 
equation Av = ac;+8oR+vy where a and 6 represent the susceptibility of the chemical 
shift to inductive and resonance effects of the substituent, respectively, and 7 represents 
the constant methyl group effect. The chemical shifts for the meta protons are correlated 
by the equation Ap,’ = 14.5—17¢;—10cR, with the maximum error being 2.4 cycles/sec 
in the case of the bromo compound. The equation Avy, = 14.5—17¢0,;—46cp gives a better 
correlation, the maximum error being 1.7 cycles/sec in the iodo compound. As an illustra- 
tion of the greater susceptibility of the para protons to og, the value Av,—Av,,’ for each 


*The only available dipole moment data on fluorobenzenes is that of Everard, Kumar, and Sutton (13), who 
found the dipole moment of fluorobenzene to be 1.48 Debye units. The introduction of two methyl groups could 
lower the dipole moment by no more than 0.6 Debye unit which would lead to a minimum estimate of 0.88 Debye 
unit for 2,6-dimethylfluorobenzene. 
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Fic. 4. Correlation of the shielding of | the meta and para protons expressed in cycles per second at 
60 Mc/sec from benzene by Hammett’s o’s. 

Fic. 5. Correlation of the separation in cycles per second at 60 Mc of the meta and para protons by 
Taft’s or. 


compound is plotted against the cg value of the substituent in Fig. 5.* The linear relation- 
ship is obeyed to within 2.5 cycles/sec for those substituents free from resonance inhibition 
by the adjacent methyl groups. The substituents for which there is experimental evidence 
of steric inhibition of resonance are also plotted on the graph using gg values corrected 
for the percentage of inhibition as listed in Table I. The points for these substituents do 
not give a good linear plot, which might be interpreted as failure of the spectral and 
chemical methods to give a quantitative measure of the steric inhibition of resonance. 
Indeed the theoretical interpretation of the observed decrease in intensity of the ultra- 
violet absorption spectrum with increasing resonance inhibition, which was proposed by 
Braude, Sondheimer, and Forbes (15), has been invalidated by the recent work of Waight 
and Erskine (16). They observed no change in intensity of the ultraviolet spectra of a 
series of ortho-methylacetophenones with a 216° temperature change, a finding which 
contradicts Braude and co-worker’s theory. It would be too presumptuous on the basis of 
our limited findings to propose corrected values for resonance inhibition by assuming the 
linear relationship to be valid for our compounds. It is sufficient to say that the deviation 
of these compounds from linearity does not refute the proposal that chemical shifts are 
determined by the inductive and resonance effects of the substituents. 

Our findings can be compared with those of Corio and Dailey for the meta and para 
protons. The absence of ortho protons in our spectra is unimportant as Jackman has 
pointed out that the ortho shieldings are in many instances misleading (17). Jackman has 
found that each of the groups CN, Br, COOH, COCI, COCH3;, CHO in 2-substituted-1- 
propenes causes a shift of the proton cis to it to lower field relative to the trans proton. 


*If Aun’ = ao1+forn+y and Avy = aor +6" on+y then Avp—Arm’ = (8’—8)or and so a linear relationship 
between Avp—Avm’ and or should be found 
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The magnitude of the effect varies from 0.05 to 0.5 p.p.m.:We have found that the 
iiitro group has an even greater effect. Nitroethylene as a 10% solution in carbon tetra- 
chloride gave a spectrum with well-separated absorption peaks. Assignments were made 
by assuming the coupling to be greater between protons trans to one another than cis 
and the results of analysis by first-order perturbation theory are given in Fig. 6. The 
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Fic. 6. Chemical shifts (+ values) and coupling constants for nitroethylene. 


proton cis to the nitro group appears 0.68 p.p.m. to lower field than the proton trans to 
the nitro group. This effect of substituents will undoubtedly also be present in mono- 
substituted benzenes and will result in ortho protons appearing to lower field than in the 
absence of the effect. In instances where the effect is large, e.g. nitro, it could also be 
significant in the meta position even though it should fall off with the cube of the distance 
(11, p. 176). Our results are generally in agreement with those of Corio and Dailey although 
they show much greater sensitivity. For example, phenol showed no resolvable fine structure 
at 30 Mc/sec whereas 2,6-dimethylphenol showed signals for the meta and para protons 
separated by 13.2 cycles/sec. There is a discrepancy in the case of the iodo substituent. 
The values assigned to the para and meta protons in iodobenzene were +.10 and +.17 
p.p.m. or 6.0 and 10.2 cycles/sec at 60 Mc/sec respectively. By subtracting the effect 
of the methyl groups our results for iodobenzene would be —0.1 and —6.4 cycles/sec 
respectively. Presumably, the discrepancy is due to those factors mentioned earlier, 
solvent effects and approximate analysis. 

In conclusion it can be stated that our findings are not explainable by the Buckingham 
electric field theory. They are in agreement with the proposal of Taft that the observed 
shifts at the meta and para positions are determined by both the inductive and resonance 
effects of the substituent. The theoretical basis for such a relationship has been clearly 
discussed by Taft (7). In spite of our findings it should be emphasized that the quantita- 
tive value of the correlations is questionable. The meta protons are subject to only small 
shifts which could easily be overwhelmed by solvent or anisotropy effects. Indeed the 
recent work of Schneider (18) points out the need for caution. He found that the chemical 
shifts of the C" nuclei in monosubstituted benzenes show appreciable variation due to 
resonance at the para position and even larger variation due to resonance and anisotropy 
effects at the ortho positions. At the meta position the variation in chemical shift was 
extremely small and not interpretable by resonance effects. 


EXPERIMENTAL 


The spectra were measured with a Varian V-4302 high-resolution N.M.R. spectrometer. 
Every result reported is the average of at least three determinations. Peak separations 
were determined by the side-band technique (11, p. 74) employing a Hewlett-Packard 
wide-range oscillator. The frequency of the side band was counted after each determination 
with a Hewlett-Packard 521C frequency counter with an accuracy of +0.1 cycle/sec. 
If a broad peak was being measured the calibration was carried out by superposition of 
the reference signal on the desired peak. Alternatively, several of the spectra were cali- 
brated by recording the spectrum of the reference and aromatic compound and their 
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side bands, then measuring the separation by interpolation. Both methods were used on 
2,6-dimethylphenol and were found to agree to within 0.2 cycle/sec. All calibrations with 
respect to the internal reference were made employing 5% solutions of the aromatic 
compound in carbon tetrachloride containing 1% of benzene as internal reference. 
Measurements of the aromatic proton absorption of 2,6-dimethylanisole were made on 
20%, 10%, and 5% solutions in carbon tetrachloride. From complete analysis of the 
multiplet system it was found that the chemical shift between the meta and para protons 
changed only 0.4 cycle/sec over the range studied. The check on effect of dilution was 
made since it was necessary to employ a concentration of 10% of some compounds in 
order to get reproducible measurements of the AB, system. For analysis of the deutero, 
dimethylamino, carboxyl, bromo, and methoxy compounds 5% solutions were employed. 
It is estimated from the average standard deviation for all compounds that the measured 
chemical shift between meta and para protons is accurate to within 0.4 cycle/sec and that 
the same accuracy was obtained for reference measurements. This would lead to a 
maximum possible error of +0.8 cycle/sec for the chemical shifts in Table I. The 7 values 
for the methyl groups as listed in the table were obtained from measurements on 5% 
solutions in carbon tetrachloride containing 1% of tetramethylsilane. The nitroethylene 
spectrum was obtained from a 10% solution in carbon tetrachloride containing 1% of 
tetramethylsilane. 
2,6-Dimethylaniline 

Reagent grade 2,6-dimethylaniline (Eastman Kodak Co.) was freshly distilled from 
zinc dust to give a liquid, b.p. 79-80°, 6 mm, 2° 1.5588 (literature b.p. 216°, 747 mm, 
n2° 1.5602 (19)). 


2,6-Dimethylnitrobenzene 

Practical grade 2,6-dimethyl-1-nitrobenzene (Eastman Kodak Co.) was distilled before 
use to give a light yellow liquid, b.p. 81°, 7 mm, 7° 1.5203 (literature b.p. 225°, 744 mm 
(20, Vol. 3, p. 815)). 
2,6-Dimethyl phenol 

Reagent grade 2,6-dimethylphenol (Eastman Kodak Co.) was twice sublimed before 
use to give white crystals, m.p. 43-44.5° (literature m.p. 49° (20, Vol. 4, p. 680)). 


2,6-Dimethylanisole 

Methylation of 2,6-dimethylphenol with dimethy] sulphate in alkali (21, p. 58) gave 69% 
of product from which a portion was redistilled to give a colorless liquid, b.p. 54°, 6 mm, 
n2* 1.5024 (literature b.p. 66-67°, 11 mm, m7 1.5003 (22)). 


N-Methyl-2,6-dimethylaniline 

A mixture of 2.55 g (0.021 mole) of 2,6-dimethylaniline and 3.2 g (0.023 mole) of methyl 
iodide was heated under reflux for 30 minutes. The solid which formed was recrystallized 
from chloroform and acetone. The purified solid, 2.7 g, was then dissolved in 10% sodium 
bicarbonate and the solution extracted twice with ether. The ether extracts were dried 
over magnesium sulphate, then filtered, and the filtrate was distilled to remove the ether. 
The residue, 1.1 g (837%), was distilled through a Holtzmann column to give N-methyl- 
2,6-dimethylaniline, b.p. 73.5-74°, 6 mm, 2° 1.5347 (literature b.p. 87°, 13 mm (12)). 


N,N-Dimethyl-2,6-dimethylaniline 

Following the procedure of Brown and Grayson (19), N,N-dimethyl-2,6-dimethylaniline 
was prepared in 41% yield. The product distilled at 64-64.5°, 5 mm, 2 1.5136 (literature 
b.p. 195°, 740 mm, 726 1.5133 (19)). 
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2,6-Dimethylbenzonitrile 

The nitrile was obtained in 37% yield from 2 6-dimethylaniline by diazotization and 
treatment with cuprous cyanide (21, p. 514). The product melted from 88-89.3° (literature 
m.p. 90-91° (23)). 


2,6-Dimethylbenzoic Acid 

The nitrile was converted to the amide by treatment with concentrated sulphuric acid 
and thence to the acid by heating with 100% phosphoric acid as described by Berger and 
Olivier (24). The acid after recrystallization from benzene melted from 115.5-116.5° 
(literature m.p. 115-116° (24)). 


2,6-Dimethyliodobenzene 

Following the procedure used for the preparation of iodobenzene (25, p. 351), 2,6-di- 
methylaniline was converted to the iodo compound in 14% yield. The product was a 
liquid, b.p. 98-99°, 9 mm (literature b.p. 228-230° (20, Vol. 3, p. 49)). Calc. for CsHol: 
C, 41.4; H, 3.9. Found: C, 41.6; H, 3.7. 


2,6-Dimethylbromobenzene 

The procedure used for the conversion of o-toluene to o-bromotoluene (21, p. 135) was 
employed to convert 2,6-dimethylaniline into 2,6-dimethylbromobenzene in 15% yield. 
The product was a liquid, b.p. 74.5-75°, 7 mm, 2° 1.5532 (literature b.p. 206° (20, p. 379)). 
Calc. for CsHgBr: C, 51.8; H, 4.9. Found: C, 52.4, 51.9; H, 5.0, 5.0. 


2,6-Dimethylfluorobenzene 

This compound, although not previously prepared, was readily obtained from 
2,6-dimethylaniline following exactly the procedure for the conversion of aniline to 
fluorobenzene (25, p. 295). The product was obtained in 40% yield as a liquid, b.p. 85° 
115 mm, n28 1.4762. Calc. for CsH9F: C, 77.4; H, 7.3. Found: C, 77.6; H, 7.4. 


2,6-Dimethylbenzene-1-d 

The procedure for the preparation of this compound was kindly provided by Dr. L. C. 
Leitch (26). A mixture of 5 g of 2,6-dimethylaniline and 8 ml of heavy water (99.9%) 
containing a pellet of sodium hydroxide was stirred for 8 hours at 80°. The heavy water 
was separated in a separatory funnel and the exchange procedure was repeated twice 
more with fresh heavy water. The amine, 4.18 g (0.035 mole), was added to 12.1 ml of 
completely deuterated 50% hypophosphorous acid and 6.2 ml of heavy water and the 
mixture was cooled to —5° in an ice-salt bath. To this was added dropwise a solution of 
2.38 g (0.035 mole) of sodium nitrite in 4.2 ml of heavy water keeping the temperature . 
below 0°. The resultant solution was kept at 0° for 20 hours then extracted with ether. 
The extracts were dried over magnesium sulphate, filtered, and after removal of the ether 
under reduced pressure, distillation of the residue gave 0.7 g of colorless liquid, b.p. 65° 
(80 mm), whose N.M.R. spectrum gave no indication of contamination by other products. 


Nitroethylene 

This compound was prepared by the sequence recommended by Noland (27). The 
product was a lachrymatory yellow liquid, b.p. 43°, 90 mm, (literature b.p. 38-39°, 
80 mm (28)). 
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THE MECHANISMS OF PERMANGANATE OXIDATION 
VI. THE OXIDATION OF CYANIDE ION"? 


Ross STEWART AND R. VAN DER LINDEN? 


ABSTRACT 


Kinetic and oxygen-18 tracer experiments have been used in an attempt to elucidate the 
mechanism(s) of permanganate oxidation of cyanide. From pH 12 to 14.6 the oxidation is 
represented by the equation, 


2MnO,- + CN~ + 20H- — 2Mn0," + NCO- + H;,0. 


From pH 12 to 6 the reaction was found to be complex and unstoichiometric yielding cyanate, 
carbon dioxide, cyanide ion, and finally cyanogen at pH 9 to 6. 

The rate of reduction of permanganate, as followed iodometrically and spectrophotomet- 
rically, is found to be markedly dependent on the pH of the medium and reactant concentration. 
The rate is negligible in acid solution but rapid in basic media. 

At pH greater than 12 two parallel processes are indicated which have been designated as 
reaction A and reaction B. Reaction K appears at low reactant concentrations <0.0004 
cyanide and higher hydroxyl ion concentrations >pH 13 and is represented by the kinetic 


expression 
( d{[MnO-] 
dt 


where kz is independent of hydroxyl ion concentration and is insensitive to the presence of 
manganate and barium ions. A positive salt effect is observed and labeling experiments using 
permanganate enriched in oxygen’ showed that the oxygen introduced into the product 
cyanate comes mainly from the oxidant (70%-80% oxygen-18 transferred). 

The existence of a second process reaction B was indicated by the changing kinetics at 
higher reactant concentrations and lower basicities, by the non-linear Arrhenius plots, and 
by the observation that only 15-25% oxygen-18 transfer from permanganate to substrate had 
occurred at pH 13. The rate of this latter process is approximately represented by the kinetic 


expression 
( d{|M =) k3[MnO,-][(CN-F 
ede (OH-] 


These reactions are discussed in terms of mechanism. 


) = k2{[MnO,|[CN-] 
A 








INTRODUCTION 


The permanganate oxidation of cyanide ion in basic solution is known to be a quanti- 
tative reaction and has been used by Drummond and Waters (5) in their studies of the 
oxidation of organic compounds by various compounds of manganese. Little is known 
about the mechanism of this reaction, however. Preliminary work in these laboratories 
(6) indicated that a transfer of oxygen occurs since oxidation with permanganate enriched 
in oxygen-18 produced cyanate containing an excess of oxygen-18. The present work was 
undertaken to elucidate the mechanism of this reaction. 

After this work was completed a report of a kinetic study of the permanganate— 
cyanide reaction by Freund appeared (7). He studied the reaction in the 0.035-0.18 
M hydroxyl ion region and obtained the rate law 


—d[{MnO,-]/dt = ko[MnO,-][CN-] 
with an energy of activation of 9.0 kcal/mole™. 


1Manuscript received June 27, 1960. 

Contribution from the Department of Chemistry, University of British Columbia, Vancouver, B.C. From 
part of the thesis presented by R. V. der L. in partial fulfillment of the requirements for the Ph.D. degree, 1960. 

*The paper ‘‘The mechanism of the permanganate oxidation of fluoro alcohols in aqueous solution” by Ross 
Stewart and R. Van der Linden, Discussions Faraday Soc. 29 (1960), should be considered as Part V of 
this series. For earlier papers see references 1 to 4. 

3Present address: Imperial Oil Co., Sarnia, Ontario. 


Can. J. Chem. Vol. 38 (1960) 
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EXPERIMENTAL 
Product Analysis 

1. Cyanogen 

A method developed by Rhodes (8) for detecting cyanogen was used. Nitrogen gas 
was bubbled through the cooled, acidified reaction mixture after the oxidation displacing 
the gaseous cyanogen. This was washed free of hydrocyanic acid by passing the gas flow 
through two tubes containing acidified 10% silver nitrate solution, and then was passed 
into two tubes containing 0.5 M sodium hydroxide which can hydrolyze cyanogen 
quantitatively to cyanide and cyanate (9). Cyanide was then determined by a Liebig 
titration (10). Yields of cyanogen were much lower if the permanganate oxidation was 
carried out at room temperature or if the reaction mixture was allowed to stand for any 
length of time before acidification, owing mainly to extensive hydrolysis under these 
conditions. If the oxidation was carried out at pH 9 at room temperature no cyanogen 
was found nor was cyanogen found when freshly precipitated manganese dioxide was 
used as the oxidizing agent. Paracyanogen or cyanogen polymer could not be observed 
when the reaction mixture after oxidation was slightly acidified and the manganese 
dioxide reduced with sodium bisulphite to obtain a clear solution. 

2. Cyanate 

(a) Cyanic acid was converted quantitatively (11) to carbon dioxide and ammonia 
by acid hydrolysis and the latter was determined by the usual Kjeldahl method. Cyanogen 
was removed from the reaction solutions before carrying out the Kjeldahl analysis. 

(6) A gravimetric method, found to be reliable, involved the precipitation of cyanate 
as the silver salt after neutralization of the alkaline reaction mixtures to pH 5. This 
method cannot be used when the oxidation is carried out below pH 11, since cyanide, 
recovered in the reaction mixture, is precipitated as silver cyanide. 

3. Carbon Dioxide 

The total CO, content of the’ reaction mixtures was determined by using the same 
technique as for the analysis of cyanogen. Nitrogen was bubbled through the acidified 
oxidation mixture in which the cyanate has been hydrolyzed to CO», then through an 
acidified 10% silver nitrate solution into two tubes containing standard barium hydroxide 
solution. The unneutralized barium hydroxide was then titrated with standard acid. 
The amount of carbon dioxide which is produced in the oxidation at a given pH is the 
total amount minus the amount produced by cyanate hydrolysis. 

4. Cyanide 

Cyanide was analyzed by the usual Liebig titration. Below pH 12, where a 2:3 molar 
ratio of permanganate-cyanide is used, the precipitated MnO, was first removed by 
filtration. Above pH 12, where a 2:1 molar ratio is used, barium nitrate was added initially 
to the reaction mixture to precipitate insoluble barium manganate, which was then 
removed by filtration. 


Reagents 

Reagent grade chemicals were used. Potassium permanganate—O" was prepared as 
previously described (1). 

Alkaline manganate solutions were prepared by the method of Pode and Waters (12). 
The oxidizing power and alkalinity of the solutions were determined by an iodometric 
and hydrochloric acid titration methods respectively. A small correction to the alkalinity 
is required due to disproportionation of manganate. When manganate solutions were 
diluted, the solution was not allowed to become less basic than 0.01 M sodium hydroxide. 





4 
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Kinetic Methods 

Iodometric and spectrophotometric methods were used to follow the rate of reduction 
of permanganate and an argentimetric method was used to follow the rate of oxidation 
of cyanide. 


1. Iodometric Method 

In a typical kinetic run 50-ml samples were pipetted into 125-ml glass-stoppered 
Erlenmeyers and the Erlenmeyers brought to a temperature of 25-+0.05° in a constant 
temperature bath. After addition of the permanganate these aqueous solutions became 
0.1 M in KOH, 0.00024 M in KCN, 0.0005 M in KMnO,, and 0.0363 M in K,SO, 
(u = 0.2). 

The reaction was initiated by introducing 4.73 ml of 0.00574 M permanganate solution 
with manual stirring from a rapid delivery pipette. The reaction was quenched at a given 
time interval with an acidified potassium iodide solution and the liberated iodine was 
titrated immediately with thiosulphate solution. In most cases at least eight points were 
obtained for the kinetic plots. The procedure for following the rate of manganate oxidation 
of cyanide was similar except that equimolar concentrations of reactants were used. 


2. Spectrophotometric Method 
This was essentially the same as that previously described with light absorption 
' measurements being made at 522 and 426 muy (3). 


3. Argentimetric Method 

In a typical kinetic method for following the rate of oxidation of cyanide the solutions 
were made up as for the iodometric method. Then 4.92 ml of 0.0116 M permanganate 
solution was added to each solution to start the reaction. The reaction was timed and 
then quenched with 1 drop of 30% hydrogen peroxide and the manganese dioxide filtered 
off. The clear solution was then titrated for cyanide by the Liebig method using 0.05 M 
silver nitrate solution. 

4. Fast Reaction Kinetics 

For very fast reactions the disappearance of permanganate was followed with the aid 
of an automatic quenching and timing device like that described by Sheppard and Wahl 
(13). 


Oxygen-18 Tracer Techniques 


1. Oxidation of Cyanide with Permanganate-O* 

Procedure (a): Silver cyanate obtained under stoichiometric reaction conditions.—A typical 
experiment was performed as follows. Over-all conditions: volume of solution 55 ml; 
approximate alkalinity 4 M@;[CN-]>) = 0.0195 M. To a 125-ml glass-stoppered Erlenmeyer 
was added 0.304 gram of potassium permanganate (0.00192 mole; 1.114% enriched in 
O'8) dissolved in 25 ml boiled distilled water, 10 ml of 0.2 M barium nitrate solution, and 
14 ml of 15.8 M sodium hydroxide carbonate free solution. The solution was cooled and 
immediately 5.5 ml of 0.195 M (0.00107 mole) potassium cyanide solution was pipetted 
into the stirred alkaline permanganate solution. The reaction mixture was allowed to 
stand for approximately 5 minutes at room temperature. The solution was centrifuged 
and the supernatant liquid filtered through a sintered glass funnel to remove the remaining 
insoluble barium manganate. The clear alkaline solution was then neutralized to pH 5 
with dropwise addition of 4 M nitric acid. The neutralizing mixture was cooled in an ice 
bath while the solution was vigorously stirred with a magnetic stirring arrangement. 
Four milliliters of 0.5 M silver nitrate solution was added, silver cyanate was allowed to 
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settle and filtered on a sintered glass funnel, washed, and then dried over PO; under 
vacuum. 

Procedure (b): Silver cyanate ebtained using a twofold excess permanganate-O¥.—When 
a twofold excess of labeled permanganate was used, the excess permanganate was reduced 
with a few drops of 30% hydrogen peroxide after the reaction mixture was allowed to 
stand for 2 minutes. After filtration and centrifugation of the managanese dioxide - 
barium manganate precipitate, the solution was neutralized and the silver cyanate 
precipitated as in the previous procedure. 

Procedure (c): Silver cyanate obtained under dilute reaction conditions.—Over-all con- 
ditions: volume of solution 500 ml of water; alkalinity 0.2 M@; [CN-]o = 2.2X10-* M; 
[MnO ]o = 2.27X10-* M. To a 1000-ml stoppered Erlenmeyer was added 0.172 
(0.00109 mole) of labeled permanganate dissolved in 300 ml of water, 5.6 grams of barium 
nitrate dissolved in 150 ml of water, than 49 ml of 2.04 M sodium hydroxide solution. 
To the vigorously stirred mixture was added 10 ml of 0.1088 1 (0.00109 mole) potassium 
cyanide solution. The reaction mixture was allowed to stand until the permanganate 
color had disappeared (approximately 15 minutes) and then the combined silver cyanide — 
silver cyanate precipitate was obtained as before. 


2. Determination of Oxygen Exchange Between Cyanate and HO" 

A typical experiment was performed as follows: A sample of recrystallized potassium 
cyanate (0.092 gram, 0.00113 mole) was weighed into a 4-ml stoppered flask and dis- 
solved with 2 ml of water (>1.4% enriched in O'%). The pH of the solution, as measured 
on a Beckman Model G pH meter, was varied by addition of concentrated sodium 
hydroxide or dilute nitric acid. The solution was allowed to stand in a constant tempera- 
ture bath at 25° for 30 minutes. The acidified solution was transferred to a 5-ml centrifuge 
tube and the cyanate precipitated with silver nitrate solution. The precipitate was 
centrifuged, the liquid decanted, and the solid washed with water. The wet precipitate 
was transferred to a 5-ml beaker, dried over calcium chloride and then over P2O; under 
vacuum. 

3. O'8 Analysis of Silver Cyanate 

Two methods, sulphuric acid decomposition and pyrolysis, were found suitable for 
converting silver cyanate to carbon dioxide which could be conveniently analyzed for 
O'8 content by mass spectrometric analysis. 

Method (a).—The silver cyanate was dropped on to concentrated sulphuric acid and 
the evolved carbon dioxide was collected. This method is similar to that previously used 
(12) except that break seals were used to transfer the gas to the mass spectrometer. 
The amount of excess O'* found in the silver cyanate can be calculated using the following 
equation (1); natural abundance of O' = 0.204%. 


2y—0.408. 199 


oF a 4s 
% O from permanganate x—0.204 , 
where 


W = Tmass46 
7 Toset+ Tea 


% O¥8 in KMnO, = 1.114. 





x 


Method (b).—The silver cyanate samples were decomposed under a low flame using the 
same apparatus as for the previous method. The carbon dioxide produced was collected 
and analyzed in a mass spectrometer. Other gases were produced in the decomposition as 
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observed by scanning the mass spectrum of the gaseous material but unlabeled silver 
cyanate on decomposition gave the expected normal isotopic abundance for O'%. The 
amount of O'8§ found in the silver cyanate can be calculated using a similar equation 
except that now all the oxygen in the carbon dioxide comes from the silver cyanate. 
— 0.204 
% O™ from perman = 7 ¥ I 
To rom permanganate +—0.204* 00, 


where 


Wy = Imass46 
y= Toass46+ Iman’ 





x = % O¥8 in KMnQ, = 1.114. 


Similar results were obtained when samples of silver cyanate were subjected to analysis 
by both methods. 


RESULTS 


Kinetic Results 
The rate constants were calculated using the following equations (1). For the iodo- 
‘metric method 


1 Ya V; 


Rt = 1CN-]xt*V.—4/5V0 





where V is the volume of thiosulphate solution required in the titration. When 
(Vo—V.)/(Vi—4/5Vo) was plotted against time, linear plots were obtained over a 
limited reactant and hydroxyl ion concentration range. Linear second-order rate plots 
were obtained in some cases to 70% completion of the reaction although most plots were 
taken to 50% completion. Second-order rate constants (k2, liter mole! sec~') were 
calculated from the slopes. 

For the spectrophotometric method the following equation was used, where D is 
optical density at the indicated wavelength (3): 


—, _ Dss2—0.282D 426 
[Mn0,] = 2248 





The usual integrated second-order rate expression was applied to the rate data. 

Plots of reciprocal of the permanganate concentration versus time were found to be 
linear up to approximately 50% reaction (Fig. 1) and second-order rate constants were 
calculated. The plots become non-linear and variable if the reaction was taken beyond 
50% completion of the reaction possibly from light scattering due to precipitation of 
manganese dioxide caused by disproportionation of manganate. 

The rate expression 

—UMnOe} _ p,{CN] [Mn0,7] 
dt 

is in agreement with the observed kinetics over a limited reactant and hydroxyl ion 
concentration range. The second-order rate constants ke, liter mole! sec~', obtained by 
both spectrophotometric and iodometric kinetic methods are in good agreement and 
indicate that the rate constants, calculated from the rate plots, are reliable (Table I). 
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Fic. 1. Second-order rate plots for the permanganate-cyanide reaction by the spectrophotometric 


method. 
on = 0.1 M, T = 25°, ke = 3.20 1. mole sec. @ [MnO,-]o = 2[CN-]o = 3.67 X10 
mole/I.; o Mn Jo = 2(CN-]o = 5.13 X 10~ mole/I. 
Fic. 2. Second-order rate plot for the manganate-cyanide reaction. 
[MnO,-]o = [CN-]o = 3.27X10-? mole/I., [OH-] = 0.125 M, T = 25°, ke = 0.039 1. mole! 


sec7}, 


Observation of Table II with reference to Table I indicates that the second-order rate 
constants are relatively insensitive to additions of initial amounts of manganate ions 
and barium ions. Strontium nitrate was used to replace barium nitrate in one experiment 
in order to keep the ionic strength constant. Addition of initial amounts of manganate 
to the reaction mixture was possible since this species oxidizes cyanide 80 times slower 
than permanganate (Fig. 2). 
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TABLE I 


Table of second-order rate constants for the permanganate—cyanide 
reaction under various conditions 











Method [CN~]o, 14 (OH-], @ m ke, 1. mole sec 
S 1.84X10-* 0.1 0.1 3.2 
S 2.57 X107* 0.1 0.1 3.2 
I 2.44x10- 0.1 0.1 2.9* 
I 4.50 10-4 0.1 0.2 4.07 
I 2.441074 0.1 0.2 3.9° 
S 1.74X107* 0.2 0.2 a7 
I 2.4410! 0.2 0.2 3.7% 
I 2.53 10-4 0.06 0.1 3.0f 
S 1.84X10-4 0.06 0.1 3.4 





Note: I = iodometric method, S = spectroscopic method, [MnO«]o = 2[CN-]o; 
temperature = 25+0.05°. 

*Average of two determinations. 

tRate constant obtained from the linear portion of the plot. 

tAverage of three determinations. 


TABLE II 


Effect of initial amounts of manganate and barium nitrate 
on the second-order rate constants 








[OH-], mm 























{CN-]o, 7 [MnO,"]o, ko,* 1. mole sec 
1.84X10-* 1.78X10- 0.1 0.1 2.60 
1.84X10-* 3.55X 10-4 0.1 0.1 2.60 
2.20X10-* 2.13X10-* 0.1 0.1 2.90 
[CN-]o, M [Ba(NOs;):], 4 [OH], M@ pb ko,t 1. mole“ sec! 
2.53X10-* 0.005 0.2 0.215 4.10 
2.53 10-4 -- 0.2 0.215 3.50t 
2.53 10-4 0.005 0. 0.215 3.70 





*Spectrophotometric kinetic method. 
tlodometric kinetic method; [MnO«-]o = 2[CN~]o; temperature = 25+0.05°. 
t0.005 M Sr(NOs)2 used in this experiment. 


Data from Table I and Table III indicate that the second-order reaction is independent 
of the hydroxyl ion concentration under constant ionic strength conditions. For example, 
a 25-fold change in hydroxyl] ion concentration does not change k2 appreciably. 

If increasing amounts of an inert electrolyte (potassium sulphate or potassium nitrate) 
are added to the reaction mixtures an increase in rate is observed at 0.1 M potassium 
hydroxide (Table IV and Table III). A primary positive salt effect is observed when 
log ke is plotted against +/u giving a straight line of slope +1 (Fig. 3). This agreement 
with the value expected from the Brénsted—Debye-Hiickel relationship is rather sur- 
prising since this is a region of high ionic strength. 

In order to determine the activation parameters a temperature study was done at 
0.1 M and 0.2 M potassium hydroxide (Fig. 4 and Table V). When Arrhenius-type plots 
were made, linear plots were not obtained indicating that a more complex process was 
taking place than was implied by the simple rate expression given previously. 

Since the kinetics indicate the presence of more than one mode of oxidation of cyanide 
by permanganate, the reaction conditions under which the second-order process (referred 
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TABLE III 


Table of second-order rate constants for the permanganate— 


cyanide reaction under saturated salt* conditions 











[(CN-]o, 4 [OH-], ke, 1. mole“ sec 

4.04 10-4 0.1t 8.2 

2.02 10-4 0.1*+ 6.4 

4.04X10-4 0.2f 8.3 

2.02X10- 0.2t 6.4 

4.041074 0.53T 6.0 

4.04104 1.55t 6.6 

4.041074 2.41 7.8 

4.04X10~ 3.36 13.7+10% 

4.041074 3.65 20.0+20% 

4.041074 0.03T 16.5 ) Initial rates 
taken from the 

4.041074 0.03 16.5 non-linear plots 





*Use of 2 M KNOs gave a limiting reaction rate, i.e. further increases in salt 
concentration did not increase rate of reaction. lodometric method, procedure 4; 
temperature = 25+0.05°. 

tlonic strength = 2.0; [MnO«~]o = 2[CN~]o. 


TABLE IV 


Rate constant as a function of ionic strength 








lonic strength 


ko, 1. mole sec 





oococo 
ata ahah 
SSE 


S 


0. 


2.90 
2.80 


8 


WwWwwwow 
CSS 
oono 





Note: [OH-] = 0.1 


M; [CN-]o = 2.44X10-* M; 


[MnO«-]o = 2[CN-]; potassium sulphate used to vary 
uw; temperature = 25+0.05; iodometric method. 


TABLE V 


Table of second-order rate constants at various 


temperatures 








Temperature 


0.1 M KOH 0.2 M KOH 


ko, 1. mole! sec™! ka, 1. mole! sec! 





10°+0.05 
10°+0.05 
15°+0.05 
15°+0.05 
20°+0.05 
20°+0.05 
30°+0.05 
35°+0.05 
35°+0.05 


morn | | 
S Ss8s 


Or 2 | 
owg 


Ook NN NNR 
[-7) 
iw) 





Note: [MnO«]o = 2(CN-Jo 


25° temperature points. 


2.44 10-4 M. Refer to Table I for 


to herein as reaction A) is observed are summarized as follows: 


when (a) [MnO,-] 


= 2[CN7-] is less than 8X10 M; 


c) temperature is 25°. 
pe 


(6) [OH-] is greater than or equal to 0.1 M; 
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Fic. 3. Log kz vs. the square root of the ionic strength for the alkaline permanganate oxidation of 
cyanide. Slope = 1.0. 

Fic. 4. Effect of temperature change on the rate of the permanganate-cyanide reaction in 0.2 M KOH. 
The straight line gives AH* = 8.7 kcal mole“! and AS* = —27 e.u. 


If second-order rate plots are attempted at higher concentration of reactants at the same 
alkalinity (Fig. 5) or lower alkalinities at the same concentration of reactants (Fig. 6), non- 
linear second-order rate plots are obtained and the rate was found to decrease with time. 
Under intermediate conditions (Fig. 6) the initial second-order rate plots are non-linear, 
becoming linear when the concentration of the reactants has been reduced. 

The presence of a second mode of oxidation of cyanide is indicated (reaction B). Its 
rate appears to be a different function of concentration than the second-order process 
observed at lower concentrations and its rate is inhibited by high hydroxyl ion concentra- 
tion. In an attempt to separate the two suspected reactions, concentration versus time 
plots were made for the rate data (Fig. 7) which gave non-linear second-order kinetics. 
These curves were smoothed and the slopes (—d{[MnO,-]/dt),:, obtained at various 
times. 

Consider two parallel reactions contributing to the over-all rate, 


( ee) _ ( ¥ a8) +( er) 
dt A+B 7 dt A at B. 


where 
/ jai 
(— ec) = 4k,[Mn0,"]’, 
dt a 


and (same) «[{[MnO, |". 
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Fic. 5. Variation of the second-order rate function with reactant concentration in 0.1 M NaOH. 
= 25°, » = 2(0KNOs), [MnO] = 2[CN-]o. O [CN-]o = 7.49X10-*; Q@ [CN7]o = 4.04 
10-4; @ [CN-]o = 2.02X10~ mole/I. 


Fic. 6. Variation of the second-order rate function with hydroxyl ion concentration. 
[MnO,-] = 2(CN-]o = 5.06X10-4 mole/Il., » = 0.1 (K2SO,), T = 25°. A = 0.01 MM KOH; 
xX = 0.02; @ = 0.04; ® = 0.06; O = 0.10. 
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Fic. 7. Concentration vs. time (©) and the third-order rate plot (@) for the permanganate-cyanide 
reaction. 
[CN-]o = 7.49X10~ mole/I., (OH-] = 0.1 M, » = 2.0. 


Substituting for reaction A in the above equation and rearranging 


(-atts041) _ (A201) | sasatsoc 


Therefore if k2 is known at the same ionic strength and temperature and since reaction A 
is found to be independent of hydroxyl ion concentration, the rate of reaction A can be 
subtracted from the over-all rate. 

A plot of (—d[MnO,-]/dt) versus [MnO,-} gives a straight line (Fig. 7). This technique 
was applied to a number of rate plots which gave non-linear second-order kinetics. The 
results although qualitative indicated that the reaction is third order and that the 
reaction is inhibited by hydroxyl ions. 
= (eee) = k{MnO-}’. 

dt R 

In order to determine the dependence of rate of reaction B on hydroxyl ion concentra- 
tion more accurately, another plot using initial rates as obtained from the rate data from 
pH 12 to 13 was made. The initial point of the concentration-time plot was used to 
obtain (—d[MnO,-]/dt),4, (Table VI). 


TABLE VI 
Initial rate as a function of hydroxy] ion concentration* 








[OH-], (—d[MnO,-]/dt) a+n (initial rate) [OH] Xinitial rate 





0.01 0.034 10-4 3.4X10-° 
0.02 0.021 10-4 4.2 
0.04 0.012 10~4 4.8 
0.05 0.0082 x 10-4 4.1 
0.06 0.0053 X 10-4 3.2 
0.10 0.0033 X 10-* 3.3 





*(CN-]o = 2.531074 mole/1.; u = 0.1; temperature = 25°. 
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The data in Table VI show that the initial rate multiplied by the hydroxyl ion con- 
centration is very roughly a constant indicating that 


a a 
* [OH™] 

The next stage in the investigation of this third-order process (reaction B) was to 
examine the kinetics of the very fast reaction when a 10-fold excess cyanide was used. 
Though the results are only qualitative a plot of log [MnO,-] versus time (Fig. 8) at 
0.03 14 NaOH was approximately first order in permanganate after the first 5 seconds. 

In an attempt to determine whether manganate was involved in a prior equilibrium 
step barium ions were added initially to the kinetic mixture. No marked change in rate 
was observed at 0.01 M and 0.04 M sodium hydroxide when insoluble barium manganate 
was precipitated. Also checks were made under various conditions using strontium 
nitrate to keep the ionic strength constant with no variation in rate being observed. 

The spectrophotometric kinetic method led to marked non-linear second-order rate 
plots only at lower hydroxyl ion concentration, e.g. (0.02 M sodium hydroxide, »p = 
0.1), since the permanganate and cyanide concentration used in this method were 
necessarily lower than those concentrations used in the iodometric method. It was 
observed that reaction B was greatly accelerated by increases in ionic strength. 

Reduction of manganese to a lower valence state was considered as a possible cause 
for the observed faster reactions at lower alkalinities and higher reactant concentrations. 
If a deep-seated oxidation was taking place reducing permanganate or manganate to 
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Fic. 8. Rate of disappearance of permanganate in presence of excess cyanide. 
[(CN-]o = 20.3 X 10-* mole/I., [MnO,-]o = 4.0310- mole/I., (OH-] = 0.03 mole/I., T = 25°, 
k; = 0.0336 sec. 


Fic. 9. Second-order rate function vs. time for the permanganate-cyanide reaction in weakly basic 
solution. 
[MnO,~]o = 2/3[CN-]o, » = 0.1 (K2SO,), T = 25°, O pH = 10.4, [CN-]o = 2.67X10~ 


’ p 
mole/I., ke = 0.54 1. mole sec!; @ pH = 10.4, (CN-]o = 5.48X10- mole/I., ke = 0.59 1. mole sec; 
@ pH = 9.8, [CN~]o = 2.5210 mole/I., ke = 1.92 1. mole sec. 
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lower oxidation states, an excess of cyanide over permanganate should be observed as 
reaction proceeds. Therefore, the argentimetric method for following the rate of oxidation 
of cyanide was developed. Observation of the concentration-time plots, obtained by 
both argentimetric and iodometric methods for the faster process at 0.1 M and 0.01 M@ 
sodium hydroxide, indicate that the stoichiometric concentrations (in this case 
{MnO,-]:[CN-] 2:1 molar ratio) holds throughout a major portion of the plot. 

Early in the kinetic study a number of rate plots were obtained for the reaction at 
low pH’s, and a few of these plots are presented (Fig. 9). Since the kinetics were more 
complex than those studied in more basic solution, a relative rate study was undertaken. 
This was accomplished by measuring the rate of the permanganate—cyanide reaction 
over a wide pH range, stopping the reactions at a given time interval. The extent of,the 
reduction of permanganate was determined in an iodometric titration and Vo—V, 
plotted against pH for a number of reaction conditions (Fig. 10). 


VYo-Ve 








a 
5 





Fic. 10. Volume of thiosulphate consumed in a fixed time interval for the permanganate—cyanide 


reaction. 

= 25°, uw = 0.1. @ [CN]o = 3/2[MnO,"]o = 2.53 X10~ mole/lI., time interval = 2 minutes; 
O [CN-} = *37aMnOe Jo = 2.09X10~* mole/I., time interval = 5 minutes; X [CN~]o = 3[{MnO."]o 
= 2.0910‘ mole/I., time interval = 2 minutes. 


Two important results might be noted: 

(a) The rate of the permanganate-cyanide reaction is negligible in acid solution and 
increases markedly with increasing basicity. 

(b) The maximum rate of the relative rate plots appears at the pK, of HCN (pH = 9). 


Oxygen-18 Tracer Results 

Observation of Table VII shows that a transfer of oxygen has occurred from the 
oxidizing agent permanganate to the substrate cyanide. The percentage of O"* transferred 
appears to depend on the molar ratio and concentration of reactants as well as the 
alkalinity used in the experiments. 
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TABLE VII 


Percentage O'8 transferred from permanganate to cyanide 
under various reaction conditions 











% O"§ transferred % O transferred 

Alkalinity, M = [MnO,4-]o/[CN~]o (mean) (maximum )* 
6 2/1t — 80 
4 2/1 70t 78§, || 
3 /1 609 70 
1.5 2/1 — 55 
1 2/1 — 31 
0.4 2/1 22** 25 
0.1 2/1 209 23tt 
0.4 2/1 — 20 
4 4/1 sate 71tt 
0.1 4/1 — 49tt 
0.5 1/1 =. AT§§ 
0.02 1/1 ste 168§ 
pH = 11.2 2/3 ns 14 

= 10 2/3 — 19 

= 8 2/3 —_ 10 





*(CN-]Jo = 0.019 M; CO: obtained by pyrolysis of AgOCN. tApproximately 5% excess cyanide 
used in these experiments. fAverage of five determinations. §76% obtained by the sulphuric acid 
method with the same sample. ||82% transferred when the reaction was carried out at 50°. JAverage 
of two determinations. **Average of three determinations. tft 26% transferred under saturated salt 
conditions, i.e., ionic strength 4, KNO:s. {f[CN-]o = 0.013 M. §§[CN-]o = 0.0023 M. 


In order to determine whether the product cyanate exchanges its oxygen with the 
solvent, cyanate was equilibrated with HO (<1.4% enriched) for 30 minutes at 25° 
at various acidities (six experiments were performed over a pH range from 5 to 14.6). 
In all experiments a negligible amount of O'S (0 to 2%) was found in the cyanate recovered 
as the silver salt, indicating that cyanate does not exchange its oxygen with the solvent 
in the time required to perform the oxidation. 

‘The variation in the amount of O' transferred under apparently similar conditions 
(e.g., 4 M sodium hydroxide) is difficult to explain but it should be pointed out that 
exchange reactions (14) can serve only to decrease the apparent transfer of O' and, 
therefore, the maximum percentage transfer at any given pH can be used as a criterion 
of mechanism. 

The O8 tracer and kinetic data will be discussed in terms of mechanism further in the 
paper, but the important features of the tracer data might be itemized as follows: 

(a) The maximum percentage of O'8 transferred in any experiment was 82% in 4 M 
sodium hydroxide at 50°. 

(6) A general increase in percentage of O"8 transferred is observed as the alkalinity is 
increased from 0.04 M to 6 M sodium hydroxide, i.e., fourfold increase (Fig. 11). 

(c) The low percentage of O transferred at 0.1 1 sodium hydroxide is not affected 
when the reaction is carried out at high ionic strength, i.e., u = 4. 

(d) Almost a twofold increase in O"8 transfer occurred on diluting the reaction mixture 
by eightfold at 0.4-0.5 VM sodium hydroxide whereas at 0.02-0.04 M sodium hydroxide 
no change in percentage transfer took place. 

(e) No further increase in O transfer is observed when the reaction is carried out with 
excess permanganate—O at 4 / base whereas an approximate twofold increase is observed 
at 0.1 M sodium hydroxide. 

(f) In weakly basic solution, pH <12, only a small percentage of the oxygen intro- 
duced into cyanate originates from the oxidant. 
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Fic. 11. Percentage of oxygen-18 transferred from permanganate to cyanide as a function of the 
molarity of hydroxyl ion. 


(MnO,-]> = 2{CN-]o. The bar heights represent the variations found in different experiments. 


DISCUSSION 


The correlation of kinetic, oxygen-18 tracer, and analytical data which were of necessity 
obtained under different reaction conditions presents considerable difficulty. The kinetic 
data could only be conveniently obtained under low reactant concentration conditions 
where the rate was relatively small, whereas oxygen"® tracer and analytical experiments 
necessitated in most cases considerably higher reactant concentrations. 

The main features of the analytical data obtained for the permanganate-cyanide 
reaction over the pH range 6 to 14.6 are the following: Above pH 12 the sole product of 
the reaction is cyanate in almost quantitative yield; below pH 12 the reaction becomes 
increasingly unstoichiometric, yielding cyanate, carbon dioxide, cyanide, and finally 
cyanogen, which is isolated at pH 9 to 6. Cyanogen is presumably formed at higher 
basicities in these reaction mixtures but hydrolysis is very rapid at any pH greater than 9. 

A fair material balance was obtained for the reaction over most of the pH range studied 
except for nitrogen (Table VIII). The presence of cyanogen in the reaction mixture (15) 
gives a ready explanation for the production of carbon dioxide through a deep-seated 
oxidation with permanganate and consequent recovery of cyanide, since cyanogen is 
known to hydrolyze readily in aqueous solutions to a number of easily oxidizable com- 
pounds (16, 17). As a consequence most of the kinetic and oxygen-18 tracer experiments 
were performed in alkaline solution above pH 12. 

The rate of permanganate oxidation of cyanide is found to be markedly dependent on 
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TABLE VIII 
Product yields for the permanganate—cyanide reaction 

pH 13 12 11 10 9 8 7 
% OCN- Kjeldahl method 94 84 40 35 30 12 
% OCN- as AgOCN 98 96 

% Total CO.* 99 96 71 50 46 
% COz produced in the reaction* _— 12 31 15t 24 
% CN7 recovered —_ 27 41 46 
Y(CN)e eH —_ -- — Trace 11 28 





Note: Cyanide concentration approximately 0.02 M in the analytical experiments; 3:2 molar ratio of cyanide to permanganate 
used below pH 12; 1:2 molar ratio used at pH 12 and above. 

*Total COs includes that formed by complete hydrolysis of cyanate during the analysis plus that formed by the oxidation reaction. 
(See experimental section.) 

TWeighed as barium carbonate. 


the pH of the medium and on the reactant concentrations. Thus the rate of reaction is 
negligible in acid solution at pH 6 or less, and above pH 7 the rate increases rapidly as 
the solution becomes more alkaline, reaching a maximum rate at pH 9.1. At this point 
the rate decreases again as the alkalinity is increased and at pH 13 (depending on reactant 
concentration) the rate levels off and becomes independent of pH except for an ionic 
strength effect (Fig. 29). 

Two reaction paths, A and B, are indicated. Since the experimental evidence for 
reaction A is more clear-cut, this process will be discussed first. 


Route A 
(1) Second-order kinetics are observed over a limited reactant and hydroxyl ion 
concentration range indicating that the rate expression 
(-<oeee}) = ko[MnO,] [CN7] 
dt . 
holds for reaction A. 

(2) A primary positive salt effect was observed indicating that the slow step was 
between two like singly charged ions, presumably permanganate and cyanide ions. This 
result is surprising in this case in view of the fact that the Brénsted-Debye—Hiickel 
relationship normally holds for reactions carried out under more dilute aqueous conditions. 
Though the result is qualitatively correct, the close correlation to theory may be the 
result of an increased contribution from reaction B which is strongly ionic strength 
dependent. 

(3) At constant ionic strength or under saturated salt conditions kz is found to be 
independent of the hydroxyl ion concentration, i.e., from 0.1 . to 2.4 M sodium hydroxide 
at low reactant concentrations. An increase in rate is observed at high alkalinities but 
in this region the effect of various electrolytes on the activity coefficients of the reacting 
molecules is difficult to predict and this effect will not be considered further here. 

(4) The rate is not affected by the presence of initial quantities of manganate or 
barium ions. If an equilibrium was present such as 


MnO, + CN- = MnO," + CN,, 


an initial concentration of manganate should retard the reaction whereas the presence 
of barium ions would precipitate barium manganate and thereby increase the rate of 
reaction. 

(5) The oxygen introduced into the product cyanate comes predominantly from the 
oxidizing agent rather than from the solvent. The maximum percentage of O'8 transferred, 

















STEWART AND VAN DER LINDEN: PERMANGANATE OXIDATION. VI 2253 


80%, occurred when the tracer experiments were carried out at high alkalinities, e.g., 
4 M sodium hydroxide. An explanation is necessary at this point. Most of the kinetic 
data was obtained in the low hydroxyl ion concentration region, 0.1 to 0.2 M potassium 
hydroxide, where only 15 to 25% O" transfer was observed. The discrepancy between 
the kinetic and O* results at low base concentrations is probably due to the large reactant 
concentration difference which exists between the two series of experiments, e.g., 0.02 M 
cyanide for the tracer experiments and 0.0004 M cyanide for the kinetic experiments. 
When the alkalinity is increased in the O' tracer experiments, a gradual increase in 
percentage of O'* transfer is observed (Fig. 11) whereas k2 remains essentially constant 
(Table III) for the same increase in base concentration, thus indicating that reaction A 
(the second-order process) involves the oxygen transfer mechanism. The changing kinetics 
at higher reactant concentrations at 0.1 to 0.2 M potassium hydroxide tends to confirm 
these ideas. In this connection a twofold increase in percentage of O'8 transferred was 
observed at 0.5 M sodium hydroxide when the reactants were diluted eightfold as would 
be expected if reaction A was favored at the lower reactant concentrations. 

(6) Though Arrhenius-type plots were made using the rate constants obtained under 
conditions where apparently only one reaction process was present, non-linear plots 
were observed. Approximate values of AH* = 8.7 kcal/mole and AS* = —27 e.u. 
were obtained for the study at 0.2 M potassium hydroxide. This enthalpy of activation 
corresponds very closely to that calculated from Freund’s results (7), and the entropy of 
activation is reasonable for a reaction between two anions. The significant curvature 
observed in the plots further indicates the possibility that two processes are present 
each with a different activation energy. 

A mechanism which fits most of the data for reaction A is the following: 


k 
MnO, + CN- > (NC ---O--- Mn0,)" > MnO,- + -OCN, 


fast 
MnO;- + MnO, + 20H- ——> 2MnO," + H.O. 


The existence of a Mn(V) species as a reaction intermediate in permanganate oxidations 
has been well established (18). 


Route B 

Although the kinetic data for reaction B is of a qualitative nature certain aspects of 
this study, in particular, the O"8 tracer experiments and the observation that cyanogen 
was produced in the reaction at lower pH, suggest a reasonable reaction path. 

Linear third-order kinetic plots were obtained for some of the rate data. In some 
instances a much faster decrease in rate with time was observed for the initial portions 
of the rate plots than would be predicted for a third-order process, thus indicating that 
still more complex processes were occurring. 

If the third-order kinetic relation is assumed to be due to a first-order dependence on 
permanganate ion and a second-order dependence on cyanide ion and if the approximately 
inverse dependence on hydroxyl ion is indeed correct the following relations hold for 
route B: 


(—d[MnO,]/dt)p = ks[MnO; ] [CN7]’ 


, (MnO,-] [CN7]? 
[OH"] 





ks since ks = k;/[OH ] 


k;'K, 


Ky 





[MnO, ] [HCN] [CN7], 
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where K, and Ky are the ionization constant and ion product of hydrocyanic acid and 
water, respectively. 
A possible mechanism for route B is the following: 


slow 
MnO, + HCN + CN- — MnO," + (CN)2- + Ht 
- fast 
(CN)2- + MnO," — (CN)2 + MnO," 


fast 
(CN): + 20H- —> CN- + NCO- + H,O 


In this connection Adamson (19) has suggested that (CN).~ is present as an inter- 
mediate in the ferricyanide oxidation of cyanide. 

It is worth comparing the behavior of permanganate towards cyanide ion and towards 
formate ion. The latter has been shown by Taylor and Halpern to be oxidized by per- 
manganate about 2000 times faster at room temperature than the neutral formic acid 
molecule (20). This is a rather similar situation to the cyanide reaction, the difference 
being that for the latter a path involving both a HCN molecule and a cyanide ion appears 
to exist (route B). If a species H(CN)>~ is in equilibrium with HCN and CN7 it could 
be oxidized by permanganate by a hydride transfer mechanism which would produce 
Mn (V) and cyanogen, which would then yield the observed reaction products. 


HCN + CN-= H(CN);s- 


=™N 
MnO,- H—(CN)2- — HMnO,- + (CN)2 > products 


The hypothetical species H(CN).2- might have either of the following structures,* the 
second being merely a hydrogen-bonded form. 


6— 6— 
—" NC—H—CN 
CN 

An electron transfer from cyanide ion to permanganate ion is probably not an energetic- 
ally reasonable step although electron transfer from hydroxyl ion to permanganate ion 
appears to take place in strongly basic solution (21, 22). 

Finally it should be mentioned that hydrogen cyanide can be added to the list of 
compounds for which the anion reacts very much faster with permanganate ion than 
does the neutral molecule (23). These include alcohols (3, 24), formic acid (2, 20), and 
water (21, 22). 
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THE ROLE OF REACTION PRODUCTS IN THE 
SILVER-CATALYZED OXIDATION OF ETHYLENE! 


KENNETH E. HAYEs? 


ABSTRACT 


Initial-rate studies of the kinetics of the silver-catalyzed oxidation of ethylene oxide and 
carbon dioxide in a flow system have been made. It was found that, using carefully purified 
reactants, the effect of added carbon dioxide was to suppress the formation of ethylene oxide 
only. The initial rate of the formation of ethylene oxide is given by the equation 


1 kP 
1 a 1 +kPco, 
where ? is the initial rate in the absence of CO2; m, n, and k are constants with m-++n = 1. 


These results together with the results of oxygen exchange reactions between O and 
C:H,O"*, CO,"* and H,O" are interpreted mecinistically. 


INTRODUCTION 


The silver-catalyzed oxidation of ethylene has been investigated by a large number of 
workers in the last 10 years: the researches of Twigg (1), Murray (2), and Orzechowski 
and MacCormack (3) should particularly be mentioned. At the time that this investiga- 
tion was started there was no quantitative information regarding the influence of the 
reaction products on the reaction. This investigation was undertaken with a view to 
rectifying this omission, and also with the hope of obtaining a more detailed knowledge 
of the mechanism of the reaction. 


EXPERIMENTAL 


The apparatus used to investigate the role of carbon dioxide and water vapor on the 
rates of formation of ethylene oxide and carbon dioxide was essentially a conventional 
flow system as shown schematically in Fig. 1. 

The nitrogen, oxygen, and ethylene, all of a nominal purity of 99.5% or better, were 
passed from their respective cylinders through purification trains consisting of (A) 
anhydrous magnesium perchlorate (anhydrone), (B) activated charcoal, (C) KOH 
pellets, (D) silver turnings, and then through U-tubes immersed in solid carbon dioxide/ 
isopropyl! alcohol at —80° C. From the purification trains the gases passed through their 
respective capillary flowmeters, the flow being controlled by ‘“‘Edward’s LB2’’ fine 
control needle valves; through more silver turnings; and then through a further set of 
U-tubes at —80° C. The oxygen and nitrogen were mixed and passed through a preheater 
filled with silver turnings before entering the reactor. The ethylene was admitted to 
the reactor at the same gas inlet. 

The carbon dioxide was passed through a similar purification train except for the 
omission of the KOH and the first cold trap. After the carbon dioxide was passed through 
a flowmeter, it was admitted to the nitrogen stream at a point prior to the second cold 
trap in the nitrogen line. 

Water vapor was admitted to the system by passing the purified ethylene through a 
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series of large bubblers containing triple-distilled water. These bubblers were immersed 
in two thermostats, the first held approximately 1° C above the temperature of the 
second which was maintained within +0.01° C of the temperature required to give the 
desired partial pressure of water vapor. 























co,—§_ {a HB Hp} OMT —FINE CONTROL VALVE 
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Fic. 1. Schematic diagram of apparatus. 


The reactor is shown in detail in Fig. 2. For the preliminary experiments and for the 
comparison of various alloy catalysts, Part 2 was fabricated entirely from No. 304 





Fic. 2. Reactor in detail. 
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stainless steel, as was Part 1. For the detailed examination of the effect of CO. and H:O 
on the reaction, the steel barrel of Part 2 was replaced by a sealed tube of ‘Mint Grade’”’ 
silver. A 0.030-in. ring of annealed silver was used as a gasket between the two portions 
of the reactor. Temperature control was maintained by a mixture of Dowtherm A and E 
boiling under a pressure of nitrogen inside Part 2, heat being supplied by a sealed cartridge 
heater immersed in the Dowtherm. A copper condenser was attached to the reactor by 
means of the threads on Part 2. The temperatures reported in this work are the tempera- 
tures of the heat exchange medium measured by a chromel alumel thermocouple inserted 
into the boiling liquid. The temperature of the Dowtherm could be maintained within 
+1° C of a desired value. The temperature of the gas entering the reactor could also be 
measured by inserting a thermocouple into the thermocouple well situated right over 
the gas inlet of Part 1. 

Samples of the gases issuing from the reactor were withdrawn by a similar technique 
to that described by Orzechowski and MacCormack (3) and the ethylene oxide and 
carbon dioxide were estimated in the customary manner by absorption in Lubatti reagent 
(4) and sodium hydroxide solution respectively. The absorbing solutions were added to 
the absorption bubblers by weight pipettes and the subsequent back titrations performed 
using weight burettes. 

The catalysts used in this investigation were based on the ‘“‘Cambron”’ (5) silver — 
calcium catalyst; 40- to 200-mesh 8.5% calcium in silver alloy was sprayed, under an 
atmosphere of nitrogen, onto the external surface of Part 2 of the reactor, this part being 
turned in a lathe during the spraying. The catalyst was cooled and then it was activated 
by the steam and acetic acid treatment already described (6). The reactor was then 
assembled and sealed into the system in the shortest possible time to avoid air-borne 
contamination. 

Two other catalysts were examined in this investigation: a 1 wt.% gold in silver— 
8.5% calcium and a 1 wt.% antimony in silver — 8.5% calcium alloy. In each case the 
percentage of either gold or antimony was based on the amount of silver present and 
not on the combined silver—calcium weight. Both of these catalysts were sprayed and 
activated in the same manner as normal calcium-silver alloys. 

The flow rates used in the investigation were multiples of 2/10/20 and 2/10/25 liters 
at S.T.P./hour for ethylene/oxygen/nitrogen. The maximum flow rates that could be 
conveniently handled were 7/35/70 and 6/30/75 liters at S.T.P./hour. Hence, for those 
experiments involving the catalyst deposited on the silver tube, the degree of reaction 
could be measured for values of //F (where M is catalyst mass and F the total flow 
rate), varying between 0.191 and 0.669 and 0.193 and 0.578 g hour per liter for the two 
feeds, since the catalyst mass was 21.4 g and contained 0.083% calcium. When CO, was 
added to the feed it was added at the expense of the nitrogen thus maintaining the total 
flow rates at standard levels. The amount of CO, added to the feed was based on the 
ethylene in the feed. It then follows that when we speak of those experiments involving 
10% CO: for example, the gas flow rates will be multiples of 2/10/19.8/0.2 and 2/10/ 
24.8/0.2 liters at S.T.P./hour for C2H4/O2/N2/COx. 

As has been shown by previous authors (3) the silver-calcium catalysts require approxi- 
mately 75-100 hours operation under standard conditions before settling down to steady 
values of ethylene oxide and carbon dioxide produced. All of the results reported in 
this communication are for catalysts conditioned at standard flow rates of 2/10/20 
liters at S.T.P./hour for at least 100 hours. It required a minimum of 3 hours for a 
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catalyst to settle down to a steady state after the flow conditions had been altered. 

The preliminary experiments were performed at a total pressure of 1200 mm Hg; the 
experiments involving CO: and H,O additions to the feed were made at both 1200 mm 
Hg and 850 mm Hg. The series of experiments involving CO, additions were made in 
one continuous operation—the reactor was not shut down for any purpose until the 
conclusion of the series; the same tank of ethylene was used throughout this series and 
necessary replacement of oxygen or nitrogen tanks was made at such times as coincided 
with the necessary changes in flow conditions. All of these experiments were made using 
the bracketing technique. At the end of the CO: series the reactor was shut down under 
a gas stream of 2/10/20 and then stored under nitrogen for a few days. The experiments 
on the addition of water vapor were then started and carried out in one continuous 
operation. 

The exchange reactions between *O and C:H4O, COs, and H:O were carried out in the 
same conventional high-vacuum apparatus that was used in the study of the decomposi- 
tion of nitrous oxide on these silver-calcium catalysts (6). Ten millimeters of %O,- 
enriched oxygen, prepared by the electrolysis of HO (10%), was admitted to 10 g 
of an activated silver-calcium powder containing 0.43% calcium, and, after sufficient 
time had elapsed for adsorption equilibrium to be attained, 10 mm of either C.H,O, 
CO., or H,O vapor (all purified by repeated distillation) was added, small gas samnles 
being removed periodically for mass spectrographic analysis. 


RESULTS 


The preliminary experiments indicated that the results obtained for the percentage 
ethylene converted to ethylene oxide and carbon dioxide were reproducible to better 
than 3%, both for repeated experiments at a constant flow rate and for experiments at 
this flow after operations at different flows, This is shown for a typical catalyst in Table I. 

In addition to illustrating the reproducibility obtainable in this system, Table I 














TABLE I 
% CH, converted to: 
C:H,/O2/N¢2 flow rates 
in liters at S.T.P./hour Run No. C.H,O CO, 
2/10/20 1 47.4 21.8 
2/10/20 2 47.7 21.3 
4/10/40 3 28.4 12.5 
4/10/40 4 28.2 12.3 
3/15/30 5 33.6 15.4 
3/15/30 6 34.1 15.9 
2.5/12.5/25 7 40.6 — 
2.5/12.5/25 8 41.0 17.0 
2.5/12.5/25 9 40.4 17.4 
5/25/50 10 24.7 10.4 
5/25/50 11 24.4 9.7 
2/10/20 12 45.4 23.0 
2/10/20 13 45.1 22.7 
4/20/30 14 26.4 12.8 
4/20/30 15 26.4 12.9 
3/15/30 16 33.0 15.9 
5/25/50 17 22.2 11.6 
2/10/20 23 45.7 22.7 





Note: Preliminary runs with 20 g of silver catalyst, % calcium, 0.1. Total 
pressure = 1200 mm Hg- Temperature, 250° for runs 1-11. Temperature, 
245° for runs 12-23 after shutdown for major repairs. All analyses per- 
formed at 24-hour intervals. 
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also shows how easily the reaction level may be altered by uncontrolled changes in 
operating conditions, After run No. 11, a broken N; line resulted in a high concentration 
of ethylene and oxygen in the reactor leading to a runaway temperature and presumably 
causing sintering of the catalyst surface. 

Table II compares the results obtained with normal calcium-silver catalysts and the 
special 1% gold-silver-calcium and 1% antimony-silver-calcium alloys. All of the 
results are for fully conditioned catalysts operating at 1200 mm Hg pressure, under 
standard conditions of 2/10/20 liters at S.T.P./hour. 


TABLE II 
The effect of alloying constituents on selectivity 








% C2H, converted to: 








Cat. wt., 
Catalyst % Calcium Temp., °C g C:H,O CO, % Selectivity 
1% Sb-Ag <0.01 243 20.0 15.4 35.5 30 
1% Au-Ag <0.01 225 17.0 19.8 57.7 25 
Ag (1) Appr. 0.1 250 20.0 47.4 21.3 69 
Ag (2) Appr. 0.1 250 20.0 40.4 14.9 72 





It is seen from Table II that the presence of small quantities of gold or antimony in 
the silver alloy causes a marked decrease in the selectivity, although a high total activity 
is maintained. It is to be noted that the calcium content of these two catalysts is very 
low; as will be shown later, we would expect that the selectivity for these two ‘“‘binary”’ 
catalysts containing calcium as the ‘‘impurity” should be low. However, if the calcium 
content is increased, the effect of the gold or antimony will be masked. Unpublished data 
of the author have shown that gold- and antimony-containing silver catalysts, containing 
also appreciable quantities of calcium, act as catalysts in the N2O decomposition as 
though they were binary calcium-silver alloys containing less calcium, e.g. a 1% gold —- 
0.43% calcium in silver alloy acts as a calcium-silver alloy containing approximately 
0.3% calcium. 

Preliminary studies of the effect of CO2 on the reaction showed that, within the limits 
of experimental error, added CO: had only a limited effect on the production of ethylene 
oxide, and no effect at all on the production of carbon dioxide. The quantitative results 
for the effect of COz on ethylene oxide production are given in Table III and are illustrated 
in Fig. 3. The data of Table III are for four separate series of experiments, with flows 
which were multiples of 2/10/20, and 2/10/25 liters at S.T.P./hour for C2:H4/O2/N2 
and total pressures of 1200 and 850 mm Hg. 

In Table IV the results of the effect of water vapor on the reaction are given. The 
temperatures refer to the temperature of the water in the saturators. Room temperature 
was between 25 and 27° during these runs; consequently, 22° C was the highest practical 
saturation temperature that could be used without heating the gas lines. It is apparent 
that, within the limits of experimental error, the addition of water vapor to the feed gas 
has no effect on the production of either ethylene oxide or carbon dioxide. 

In Fig. 4, the results of the exchange between "O.-enriched oxygen chemisorbed in a 
silver catalyst and ethylene oxide, carbon dioxide, and water vapor are illustrated. It 
will be observed that the exchange involving ethylene oxide is much more rapid than 
that involving either of the other two gases. Of far greater importance is the fact that, 
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under similar experimental conditions, no oxidation of the ethylene oxide was observed 
until a temperature of 220° C had been reached, some 150° C above the temperature at 
which exchange takes place readily. 
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TABLE III 


The effect of CO, on ethylene oxide production 
(% conversion of ethylene to ethylene oxide) 








M 100 CO, . 
¥\ mo in feed 0 10 30 40 





(A) Total pressure 1200 mm Hg 
M/F obtained from flow rates of X (2/10/20) liters at S.T.P./hour 


0.669 41.6 39.4 38.6 

0.535 40.3 38.9 37.4 37.9 
0.446 38.4 

0.382 35.2 33.6 

0.334 35.3 

0.268 30.0 28.2 

0.223 30.0 

0.191 28.4 25.8 22.2 22.0 


(B) Total pressure 1200 mm Hg 
M/F obtained from flow rates of X (2/10/25) liters at S.T.P./hour 


0.578 42.5 41.5 39.0 
0.463 41.2 39.3 37.5 
0.386 38.2 36.6 34.0 
0.231 31.9 27.6 26.3 
0.193 27.8 24.1 22.8 


(C) Total pressure 850 mm Hg 
M/F obtained from flow rates of X (2/10/20) liters at S.T.P./hour 


0.669 40.6 36.0 33.6 
0.446 35.3 33.2 29.4 
0.334 30.5 28.9 24.9 
0.223 23.9 21.0 18.9 
0.191 21.4 19.2 16.6 


(D) Total pressure 850 mm Hg 
M/F obtained from flow rates of X (2/10/25) liters at S.T.P./hour 


0.578 39.6 33.2 
0.463 34.4 — 
0.331 31.1 26.1 
0.231 24.6 _ 
0.193 22.5 19.1 





Note: Catalyst, 21.4 g of 0.083% calcium in silver. Temperature, 245° C. 


TABLE IV 
The effect of water vapor on ethylene oxide production 














C2H4/O2/N2 flow rates No H:O 
in liters at S.T.P./hour added 10°C 22° C 
(A) % Ethylene converted to ethylene oxide 
2/10/20 38.5 38.5 38.7 
7/35/70 23.6 24.4 24.0 
(B) % Ethylene converted to CO2 
2/10/20 35.8 — 35.3 (after 80 hours) 
DISCUSSION 


The experimental results of the silver-catalyzed oxidation of ethylene have been 
interpreted by two postulated mechanisms. The first, due to Twigg (1), assumed that 
ethylene oxide was formed by the interaction of ethylene with a single oxygen adatom; 
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and that deep oxidation was caused by the interaction of ethylene with a pair of suitably 
disposed oxygen adatoms. Orzechowski and MacCormack (3), on the other hand, inter- 
preted their results on the basis of interaction between ethylene and chemisorbed oxygen 
atoms alone. 

In 1952, DeBoer and Fortiun postulated (7) the existence of oxygen molecule ions O.- 
chemisorbed on silver, to account for the silver-catalyzed oxidation of cumene to cumene 
hydroperoxide. It was later postulated in this laboratory that chemisorbed O.- ions 
might be responsible for the deep oxidation of ethylene, with chemisorbed O- ions being 
responsible for the formation of ethylene oxide. This viewpoint has subsequently been 
put forward by workers in this field. The conductivity measurements of Ljuburskij (8) 
have shown that oxygen abstracts electrons from a silver surface and this has been 
confirmed by the surface potential measurements of Kummer (9). In this latter paper, 
Kummer has also presented direct evidence for the existence of chemisorbed O.~ ions 
on silver. 

If oxygen is chemisorbed on silver, initially in the form of O2- ions, and subsequently 
as two O~ ions, we would expect that the addition of other components to the silver to 
decrease the work function would result in an increase in selectivity for the ethylene 
oxidation. A lowering of the work function would enhance the dissociation of O2- ions 
into O- ions. Increasing the work function, on the other hand, would be expected to give 
the opposite effect, resulting in a lowering of the selectivity. The author has already shown 
(6), as a part of this investigation, that the addition of gold to silver increases the activa- 
tion energy of the silver-catalyzed decomposition of N.O. Since the rate-determining 
step in this decomposition involves the donation of an electron from the catalyst to the 
NO, an increase in activation energy is equivalent to an increase in work function. This 
same investigation also showed that by increasing the residual calcium in the catalyst 
(the silver—calcium alloys) the work function could be lowered. 

The results in Table II show how the selectivities of the 1% gold in silver and 1% 
antimony in silver catalysts are markedly lower than the selectivities obtained from 
normal calcium-silver alloys. It is to be regretted that lowering the work function will 
not bring about as great an increase in selectivity under normal flow conditions, as we 
postulate that O- ions are also responsible for the further oxidation of ethylene oxide 
to CO, and H,O. A forthcoming publication (10) dealing with initial-rate studies on the 
silver-catalyzed oxidation of ethylene in a circulating system, in which the products are 
removed from the gas phase as they are formed, will show how the selectivity may be 
increased from 45% for pure silver to 65% for a 0.1% calcium in silver alloy. 

If we now consider the poisoning of the reaction by added COs, we see from Fig. 4 
that increasing the CO2/C:2H, ratio in the feed gas over 0.30 has no further effect on the 
production of ethylene oxide. This means in effect that the initial rate of C.H,O formation 
in the presence of CO, falls to a steady value, greater than zero, as the partial pressure 
of CO, is increased. The data were analyzed in a manner similar to that used by Orze- 
chowski and MacCormack, i.e., by considering the steady-state concentrations of the 
various adsorbed species (3). The two simplest assumptions regarding the adsorption 
of CO, are that COs, is either adsorbed on the free surface, at the expense of oxygen, or 
that it is adsorbed on top of the chemisorbed oxygen film at the expense of ethylene. 
Neither of these assumptions leads to a rate equation which fits our experimental data, 
since both derived rate equations require that the rate of production of C2H,O shall fall 
to zero if the COz pressure is sufficiently high. If, on the other hand, it is assumed that 
the adsorption of CO,» requires both a free surface site and an adsorbed O7- ion, leading 
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to a CO;- ion as the adsorption complex, then the initial-rate equation may be shown 
to be of the form 


— #8 — 1+ Poos) 
rrto = thal mts + —) aa rool 4 +kPoo: 


where m, n, and k are constants, with m+n = 1 and k’ = mk. 


Yeto = initial rate of C.H,O production in the presence of COs, 


initial rate of C.H,O production in the absence of CO». 


0 
TEto 


The rates, 7, are given by the relation 


dx 
‘2 (Gy) Ve 


where x = fraction of ethylene converted to C,H,O, 
M = catalyst weight in grams, 
F = total flow rate in liters at S.T.P./hour, 


and Vg = volume fraction of ethylene in the feed. 


The constants m, n, and k were obtained from the data given in Table III(A). Values of 
[dx/d(M/F)]Vz were then computed for the experimental conditions of Table III, (B), 
(C), and (D). The results are shown in Fig. 5, where the solid lines were calculated from 
the fitted points of A, the circles represent the experimentally determined points. The 
agreement is satisfactory. 

Although the effect of added ethylene oxide on the production of ethylene oxide was 
not determined in this investigation, it has been shown by Roginskii and Margulis (11) 
that added C2H,O decreases the rate of production of C,.H,O. This result could have 
been inferred from the exchange behavior of ethylene oxide with chemisorbed #O. We 
may visualize the exchange taking place as follows: 


CH:—CH: 
_ nd X die “Q- 
| | | 
—Ag—Ag— + C;H,#0 = ae Ag — = Ag—Ag + C:H,#0. 

In view of the exchange behavior of water vapor, in which exchange possibly takes 
place via the formation of two OH" ions in the surface, it is perhaps surprising that added 
water vapor has no apparent effect on either C2.H,O and CO: production. It is possible, 
however, that water does inhibit the formation of ethylene oxide, in a manner analogous 
to that shown by COz, but the effect of water is so small that the water formed in the 


normal course of the reaction is sufficient to saturate the surface with respect to water 
vapor. We can summarize the basic postulates of this paper in the following reaction 


schemes: 
oO 2 
O.- | | [1] 
—Ag—Ag— + O02: = L—Ag—Ag—j = Ag—Ag—Ag 


O.- ky C.H, ks 
Ag—Ag | + C:H,= O.- — CO; + H.0 [2] 
ke L Ag—Ag 
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O- C.H, . 
| ky b ke 
—Ag—Ag a CH, ri T > C:H,O(g) [3] 
: Ag—Ag 
. i 
| ky a 
Ag—Ag + CO.= F tae [4] 
4 | | 
Ag — Ag 
° CH:—CH; 
Ag—Ag + C.H,O = 6 — CO; + HO [5] 
—Ag — Ag 
x B Ze | 
rf ae x ° ° af 
Ag—Ag + H.0= Ag—Ag = Ag—Ag 
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Fic. 5. Initial rates for the conversion of C:H, to C2H,O as a function of the partial pressure of COsg. 
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In applying the steady-state treatment to this postulated mechanism it is possible to 
treat the surface in two ways; this in effect means that we can treat the adsorption of 
oxygen in two ways. The first is to assume that any part of the surface is capable of 
holding the adsorbed oxygen as either O.~- or O-, and the second is to assume that, 
because of marked a priori heterogeneity, only certain portions of the surface can hold 
adsorbed oxygen as O2- and that other portions can hold adsorbed oxygen as O-. The 
first treatment is far more complicated than the second, and while it shows that the 
selectivity of the reaction is a function of oxygen pressure (10), it also shows that the 
effect of added CO: under all possible circumstances is to reduce the rate of production 
of both CO: and EtO to zero if the pressure of CO, is sufficiently high. 

The second treatment, while being perhaps more naive, satisfactorily accounts for 
most of the data published to date. We assume that the rates of formation of both 
adsorbed O:- and O- may be considered as independent of each other and that the two 
species are found on different portions of the surface. We further assume that all of the 
CO, produced in the early stages of the reaction comes from interaction between ethylene 
and adsorbed O>2-, i.e., there is no formation of COz by a secondary oxidation of EtO. 

Let 6 be fraction of surface covered by O2- and @’ be fraction of surface covered by O- 
under steady-state conditions. Further, let a be the fraction of the O.--covered surface 
covered by adsorbed ethylene, and 8 be the fraction of the O--covered surface covered 
by adsorbed ethylene under steady-state conditions. 

Following Orzechowski and MacCormack (3), we shall assume further that the rates 
of formation of the adsorbed oxygen species are given by the simple form of the Elovic 
equation. 

Then the steady-state concentration of adsorbed O2~ is given, ignoring desorption of 
oxygen, by 
[1] jPo(l =— mé) + koa = ki Py(l =— a)é, 


where Po and Px; are the pressures of oxygen and ethylene respectively. Similarly the 
steady-state concentration of adsorbed O7- is given by 








[2] Jj Po(l — m'6’) + ks66’ = kiPxu(1 — B)0’. 
The steady-state concentration of ethylene adsorbed on the O.7 is given by 
[3] kiPx.(1 — a)0 = (ko + k3)ad. 
and steady-state concentration of ethylene adsorbed on the O- by 
[4] kgPu(l > B)6’ = (Rs + ks) 80’. 
Hence the rate of formation of CO: is given by 
0 a Se kxajPo 
[5] Toco: = k 308 (k 3a+jmPo) ° 
and the rate of formation of ethylene oxide by 
_—_—— ‘me kebj ‘Po 
[6] Trto = ke86 (Re B+j'm ’Po) 
We see immediately that the selectivity S, equal to rpro/(reto + reos) is given by 
ss 2) 
3a 





[7] 





[i+ ee) +7 (14 ERED) 
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or at constant ethylene pressure, as a and @ are constants, the selectivity is a function 
of the oxygen pressure. From equations 5 and 6 we see that 











[8] daw hej BPoP ax 
#00 ReBPurt+jm' Pot+jm BPoP xt 
and 
[9] ro = k3sjAPoP st 
_ ksAPeytjmPot+jmAPoPst 
where 
—_ ky 
4° 
and 
— en 
Rs+ke 


Equations 8 and 9 will then apply to those situations where the rate of oxygen adsorption 
is of the same order of magnitude as the rate of production of CO2 and EtO. If now the 
rate of adsorption of oxygen becomes the limiting rate of the reaction it is permissible 
to suppose that in this case @ and 6’ will be very small and that a and 8 both approach 
unity so that the rate of production of EtO will be independent of Py, and, 


ke jPo 





0 = ~~ 1)n 
[10] rrto = ketjmPo Po KPo 

0 _ _k3jPo ~ K'pi/m 
[11] C02 = k3+jPom KP; 


Similarly, if the rate of adsorption of oxygen is faster than eto OF reo: then we can 
expect that the over-all rate, eto OF Posie to be functions only of the ethylene pressure; 
this has been found by Kurilenko (12). 

If we now consider the effect of CO2 on rfro and a we find that the postulate of 
adsorption of CO: on either O~-(ads.) or on the free surface will lower the activity to zero 
at sufficiently high CO, pressures. Similarly, in general, two point attachment of CO, 
involving both O- adsorption and a free site will lower the activity to zero. However, 
for a special case, two point attachment will lower rgeo only, and that to a limiting value 
greater than zero. 

Let us suppose that a fraction y of the O--covered surface is covered with CO, under 
steady-state conditions, then a fraction y6’ of the free surface will be used to obtain two 
point attachment. 

The general equations 1, 2, 3, and 4 now become 


[12] jPo(1 — m6 — 76’) + koad = kiPx(l — a)0 
[13] j Po(l — m'e’ — 70’) + ksB0’ = kaPx,(1 — 8)’ 
[14] kiPxp(l — a6 = (ke + Rs)ad 

[15] ksPu(1 — B — y)0’ = (ks + he) B0’ 

and for the adsorption of CO 

[16] k7Pco.(1 — 8 — y)6’(1 —(6’ + 8) — 6’) = key’. 


The equations are difficult to solve (without making assumptions as to the relative 
value of second and third degree terms), but predict that the effect of COs in general 
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will be to inhibit both CO, and EtO production. A similar series of equations predict the 
same behavior for both added EtO and H;0. This type of behavior, namely complete 
inhibition by reaction products, in the order EtO >CO,>H,0, would have been predicted 
on the basis of the isotope-exchange studies and has been found by Kurilenko (12) and 
more recently by Gorokhovatskii (13). 

The results of this paper may be rationalized by assuming, (a) two-site adsorption of 
CO.; (b) that the amount of adsorbed CO; is sufficiently small that no sites on which 

— (ads.) may be formed are destroyed, and (c) that the adsorption of CO, on the O- 
(ads.) layer does not effect the adsorption of ethylene on this layer. The steady-state 
equations comparable to 13, 15, and 16 then become 


[17] j'Po(l — m'0 — 76’) + ksB0’ = kaPx(l — 8)6, 
[18] kaPe,(1 — B)@’ = (Rs + ke) 80’, 
[19] k7Pco.(1 — 7)0'(1 — 0 — 6’) = key’. 


On solving these equations, with the further assumption that (6’)? and y?(6’) may be 
neglected, we find that rgeo is given by 


b8j'Po| 1+ #P co | 
8 


wea( i+ a +i ‘mPa 14 H( 41 <2) 


For given values of Po and Pg, equation 6 may be transformed to 


[21] ae = keB+j’m'Po —~s 2 
Tato keBj Po rst0 rEto 


where a and 0 are fractions and a+b = 1. Comparison of 20 and 21 then gives, after 
some rearranging, 
k 
(14.0) 
8 


(one r} 


Equation 22 then satisfactorily accounts for the data of this paper. 





[20] TEto = 





[22] Tato = Tito 
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ON THE EXISTENCE OF TERNARY COMPOUNDS IN THE SYSTEM NH;-H.0:-H:0 


K. E. Mironov 


Recently a note was published in this Journal (1) on the existence of ternary compounds 
in the system NH;-H,0.-H.0. On the basis of appearance of maxima in the melting- 
point curve along the plane H2O,-2H,O-NH,; it was concluded that two compounds are 
formed, namely NH;-3H.02-6H.O, m.p. —28.9° C, and (NH,4).02-2H,O, m.p. around 
15° C. That this conclusion is erroneous may be gathered from an investigation of the 
whole liquidus surface of that system (2). 

Indeed, there are two maxima in the above-mentioned plane (Fig. 1, p. 2270), but these 
maxima provide no evidence for ternary compounds since the said plane is not a singular 
or stable one (3). The first maximum at —29° C comes from intersection of the ridge in 
crystallization field of ice, while the second maximum comes from crystallization of the 
’ the compound NH;-H,.Os». 

There were indications (1) from the infrared spectrum of the presumed compound at 
32% NH; that it contained the NH,°* ion as well as water of crystallization. As may be 
judged from Fig. 1, the infrared investigation is consistent with the presence in that 
solid of the compound NH;-H.O, (4, 5) together with ice. On the other hand, the 
conclusion (1) regarding the non-ionic nature of the compound 2NH;-H:2Oz seems correct 
in view of its limited range of existence, from —93.5° to —107° C (6). There are no 
ternary compounds in the system NH;-H,O.-H,0. 


The author is grateful to I. I. Vol’nov for drawing his attention to paper (1). 
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Fic. 1. (a) Melting-point diagram in the plane H2O2-2H2O-NH,. (6) Comparison of liquidus diagrams 
in that plane. 

Symbols: © liquidus from experimental data, @ liquidus from isotherms in the ternary system (2), 
+ liquidus from the data of reference 1, - ++ liquidus and solidus from reference 1, - —- — more precise liquidus 
data from reference 7. L, liquid; I, H2O2.2H,0; II, ice; III, HxO.; IV, NHs.H.2O2; V, NH3.2H:0; 
VI, NH;.H:20; VII, 2NH;.H;0; VIII, 2NH3.H2O02; IX, NH. 
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APPLICATION OF THE HAMMETT EQUATION TO THE HYDROLYSIS OF SUBSTITUTED 
BENZAMIDES 


J. T. Epwarp,* H. S. Caane,* K. YaTeEs,f AND Ross STEWART{ 


The hydrolysis of amides is believed to take place by the two-stage mechanism (1, 
2, 3): 


fast 
RCONH; + H+ = RCONH;* [1] 
k 
RCONH;+ + H,0 “acne RCO;H.* + NH; [2] 
SslOW 


Recently Leisten (4), by working with acid solutions which he considered concentrated 
enough to have all the amide present as RCONH;*, has attempted to obtain the rate 
constants k2 for various substituted benzamides in the second rate-determining step: 


rate of reaction v = ko{,RCONH;+*]. 


(The concentration of water was not included in the kinetic equation since it was 
effectively constant in the experiments carried out in any one acid concentration.) 
Leisten used 5.86 M, 7.19 M, and 8.54 M perchloric acid at 95° C. He gives reasons 
for believing that the pKgx+ values of amides at this temperature will be about the 
same as at room temperature. On the basis of early estimates (3) of the basicities of 
benzamides, these concentrations of acid were assumed to be sufficient for essentially 
complete protonation of the compounds listed in Table I. However, the pKgx+ values 


TABLE I 


Corrected rate constants ke (in hr) for the hydrolysis 
of substituted benzamides in perchloric acid 








Acid concentration 








Substituent 5.86 M 7.19 M 8.54 M 
p-Methoxy 0.238 0.073 0.026 

p-Methyl 0.437 0.131 

m-Methyl 0.192 0.057 

Hydrogen 0.805 0.234 0.073. 

p-Bromo 0.410 

m-Bromo 0.627 0.174 

p-Nitro 1.77 0.545 

m-Nitro 6.33 1.34 0.455 





now reported for these compounds (5) show this assumption to be incorrect. Conse- 
quently, the experimental rate constants k, (3), based on the stoichiometric concen- 
tration of amide and defined by 


v = k,([RCONH:]+[RCONH;?*)), 
are not equal to ke, which in fact is given by 
[3] ke = ke([RCONH,]+[RCONH;*])/[RCONH;*] 
= k.(Ksatt+ho)/ho 


* McGill University, Montreal, Que. 
{University of British Columbia, Vancouver, B.C. 
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where Kgut = —antilog pKgxt and hy is Hammett’s acidity function in its non-logarith- 
mic form. The values of k, obtained from Leisten’s results using eq. 3 are given in Table I. 

The slopes of the least-squares plots of log k, against the o values of the substituents 
(Fig. 1) give the values of the reaction constant p2 for eq. 2 (6). These are listed below, 





Q8O0 


O40 


Q00 


LOG ko 


-0.40 


-0.80 


-1.20 











-1, Oo | oe 1 1 rm 1 
. -,2 O 2 4 6 





Fic. 1. Plots against Hammett’s o constants of log ke for substituted benzamides in the following con- 
centrations of perchloric acid: a, 5.86 M; b, 7.19 M; c, 8.54 M. 


with the number of results from which p2, was determined (m), the standard deviation 
(s), and the correlation coefficient (r). 











HCIO, (M) p2 n s r 
5.86 1.39 4 0.162 0.916 
7.18 1.23 8 0.057 0.992 
8.54 1.19 6 0.070 0.989 





These values, slightly different from those of Leisten, are in better agreement with 
the value (1.42) calculated from the equation 


[4] Poo = pitpe 


where po, is the reaction constant for the rates of hydrolysis of substituted benzamides 
in dilute acid (0.118, ref. 6), and p: (= —1.30) is the reaction constant recently deter- 
mined (5) for eq. 1 in the direction shown. 
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TRYPTAMINES, CARBOLINES, AND RELATED COMPOUNDS 
PART VII. INTERNUCLEAR CYCLIZATION ONTO A PYRIDINE RING* t 


R. A. ABRAMOVITCH 


On the basis of two examples of internuclear cyclization of the Pschorr type onto a 
’ pyridine ring (1, 2) (one involving predominant electrophilic attack at the ring nitrogen) 
it was suggested (3) that the pyridine ring is more difficult to attack than a benzene 
ring in such reactions. The cyclization of 2-amino-N-methyl-N-3’-pyridylaniline (I) was 
studied. to examine whether this was indeed so, as well as to provide a route to the 
6-carboline ring system. Also, some evidence might thus be obtained to suggest a mechanism 
for the Pschorr reaction when carried out under such conditions, for the pyridine ring is 
known to be deactivated towards electrophilic substitution under mild conditions, but 
not towards homolytic attack. Should cyclization occur readily it was of interest to 
determine the orientation of the products since the isomer ratios for free radical phenyla- 
tion of pyridine are in the order a > 8 > y (4). 


ia . i 
N N N 
yy ON/ Nf~ O\/ \/~\ 

Se 
LAY See, Y wr \v 
N N N 
H; 
(I) (11) (111) 
CH; CH; 
| H 
N N N N 
aA \f/~\ ON/ \f~ \ 
YO-CoO AO 
VAG \ Va WY, 
N ; 
H2 Oz 
(IV) (V) (VI) 


* Presented at the Atlantic City Meeting of the American Chemical Society on September 14, 1959. 
tPart VI: Can. J. Chem. 38, 557 (1960). 
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Decomposition of the aqueous diazonium sulphate of 2-amino-N-methyl-N-3’-pyridyl- 
aniline (1) with copper powder at room temperature resulted in a good yield of a mixture 
of cyclized products which was separated into ind-N-methyl-é-carboline (III) (47.5% 
yield) and ind-N-methyl-8-carboline (II) (25.5% yield) by chromatography on a column 
of alumina. The structure of (III) was confirmed by the analytical results and by its 
infrared spectrum, which showed no monosubstituted phenyl bands, thus eliminating 
the possibility that the substance isolated was the deaminated product. Its ultraviolet 
absorption spectrum was very similar to that of an authentic specimen of 6-carboline 
obtained by an unambiguous synthesis (5). The structure was finally proved by com- 
parison with an authentic specimen whose preparation from 6-carboline is described in 
the next part of this series (5). The total yield of cyclized product (73%) is comparable 
with that obtained (78%) when N-(3-amino-2-pyridyl)-N-methylaniline (IV) is ring- 
closed to ind-N-methyl-a-carboline (V) (2), i.e. a similar cyclization, with similar inter- 
nuclear separation (6), onto a benzene ring. This clearly indicates that in the present 
case the pyridine ring is not deactivated towards nuclear attack and that under these 
very mild reaction conditions free radical intermediates (perhaps bound in some way 
with the copper catalyst) may be involved. An amino substituent in the pyridine is 
known to facilitate electrophilic attack of the ring due to the mesomeric effect of the 
electron pair of the amino nitrogen atom. Phenyl substitution at the 3-amino group is 
expected, however, to decrease the activating effect of this group and o-diazotization to 
decrease it still further. An attempt to eliminate this possible source of ambiguity by 
replacing the N-methyl group in (I) by an acyl grouping was made. 2-Nitro-N-3’-pyridyl- 
aniline (VI), however, resisted all attempts at acetylation, tosylation, or mesylation, so 
that the required starting material could not be obtained. 

It is very likely (7) that in the absence of copper powder and at the boiling point of 
the aqueous acid the cyclization involves cationic intermediates so that in such a case, 
though the reaction conditions are more severe than in the one where copper powder is 
used, the yield of cyclized product would be expected to fall due to the resistance of 
the pyridine ring to electrophilic substitution. This was indeed found to be the case, 
the over-all yield of carbolines being 47.2%: ind-N-methyl-é-carboline (33%), ind-N- 
methyl-8-carboline (14.2%). A product, whose picrate analyzed for that of the deaminated 
product, was also obtained under these conditions. It is to be noted, however, that in 
contrast to the above results ring closure of 2-amino-N-methyldiphenylamine under 
both sets of conditions gave comparable yields of N-methylcarbazole (6). Thus, by the 
action of copper powder on the cold solution of the diazonium sulphate a 66% yield 
of cyclized product was obtained; the action of heat upon the aqueous diazonium sulphate 
solution in the absence of copper resulted in a 60% yield of N-methylcarbazole. Here 
there is no decrease in yield on passing from a heterolytic to a presumably homolytic 
process since the benzene, unlike the pyridine ring, is not deactivated towards electro- 
philic attack. These observations also support the suggestion that the side-chain tertiary 
amino group is probably not activating the ring towards electrophilic attack in such 
aqueous acid solutions. 

EXPERIMENTAL 


Melting points and boiling points are uncorrected. Ultraviolet absorption spectra 
were measured on a Beckman DK 2 recording spectrophotometer. For the chromatog- 
raphic separations alumina supplied by Peter Spence and Sons, Ltd., as activated 
alumina type H, 100/200 mesh, was used. 
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N-Methyl-2-nitro-N-3'-pyridylaniline 

A mixture of 3-bromopyridine (3.2 g), N-methyl-o-nitraniline (2.3 g¢), anhydrous 
potassium carbonate (2g), and copper bronze (100 mg) in nitrobenzene (12 ml) was 
boiled under reflux for 24 hours. The suspension was steam-distilled and the residue 
extracted with chloroform, the extract dried (MgSO,) and evaporated. The residue was 
distilled im vacuo giving a red viscous oil (1.4g), b.p. 140-150°/2X10-? mm, which 
formed a glass on cooling. The product was analyzed as the picrate which crystallized 
from ethanol as yellow needles, m.p. 168°. Found: C, 46.90; H, 2.99. Calc. for Cy2H1,0.N3, 
C.H;0,N3: C, 47.17; H, 3.06. 


2-Amino-N-methyl-N-3'-pyridylaniline 

The above nitro compound (2.7 g), Raney nickel (1 g), and 100% hydrazine hydrate 
(10 ml) in alcohol (50 ml) were boiled under reflux for 15 minutes, the suspension filtered, 
and the filtrate evaporated to dryness leaving an oil (1.77 g) which slowly solidified. 
Vacuum distillation gave the amine as a colorless oil, b.p. 140-143°/0.4 mm, which 
solidified to a colorless solid. This was recrystallized from benzene - light petroleum 
(b.p. 60-80°) giving colorless needles, m.p. 93-94°. Found: C, 71.98; H, 6.24; N, 20.60. 
Calc. for Ci2Hi3sN3: C, 72.33; H, 6.57; N, 21.10. 


‘Decomposition of the Aqueous Diazonium Sulphate of 2-Amino-N-methyl-N-3'-pyridylaniline 


(i) With Copper Powder at Room Temperature 

The amine (1.9 g) in concentrated sulphuric acid (4ml) and water (50 ml) was 
diazotized at 0-5° with sodium nitrite (2g) in water (20 ml), stirring at 0-5° being 
continued for } hour. Urea (1.5 g) was added to the clear solution to decompose the 
excess nitrous acid, and then copper powder (2 g) was gradually stirred in. The decom- 
position was complete in } hour as indicated by the cessation of effervescence and a 
negative alkaline 6-naphthol test. The suspension was stirred at room temperature for 
a further 4 hour and then it was filtered from the copper, made alkaline with an excess 
of concentrated ammonia, and extracted with chloroform (2200 ml). The dried (MgSO,) 
extract was evaporated and the tarry black residue was taken up in benzene and chroma- 
tographed on a column of alumina (70 g). Elution with benzene first gave a colorless 
oil (0.82 g, 47%) which soon solidified, and had a melting point of 73-74°. Recrystalliza- 
tion from light petroleum (b.p. 60-80°) gave ind-N-methyl-6-carboline as colorless plates, 
m.p. 74°. Found: C, 78.75; H, 5.72. Calc. for CisHioNe: C, 79.09; H, 5.53. Amex 263, 
267, 306 mu; Ain 235, 249 mu; €X10— 18.92, 18.80, 11.83, 13.35, 10.62 (in ethanol). 
Infrared spectrum (Nujol mull) (main peaks only): 1628 (m), 1595 (m), 774 (m), 750 
(m), 727 (s). The picrate separated from alcohol and was recrystallized from dioxane 
giving fine yellow needles, m.p. 229-230°. Found: C, 52.60; H, 3.0. Calc. for CisHi0No, 
C.H:0,Ns: C, 52.56; H, 3.19. 

Further elution with benzene gave a brown oil which solidified very slowly. The solid 
was recrystallized from light petroleum (b.p. 60-80°) giving ind-N-methyl-8-carboline 
as colorless plates, m.p. 97° (0.45 g, 25%), undepressed on admixture with an authentic 
sample (8). Further recrystallization from light petroleum raised the melting point to 
106-107°. Found: C, 79.03; H, 5.4. Calc. for CizHioN2: C, 79.09; H, 5.53. The picrate 
separated from alcohol and was recrystallized from acetone giving fluffy yellow needles, 
m.p. 258°. Found: C, 52.31; H, 3.20. Calc. for CizHioN2, CeH207Ns: C, 52.56; H, 3.19. 
(Lit. (8) gives a melting point of 258°.) 
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(ii) By Boiling Without Copper Powder 

The amine (2.0 g) was diazotized as before and the filtered diazonium solution was 
boiled under reflux for 10 hours. The cold solution was made just alkaline with aqueous 
sodium hydroxide and extracted with chloroform. The dried (MgSO,) chloroform extract 
was evaporated, the residue taken up in benzene, and chromatographed on alumina as 
before. Elution with benzene gave first ind-N-methyl-é-carboline (0.60 g, 33%), m.p. 73°, 
and then ind-N-methyl-8-carboline (0.26 g, 14.2%) as a very crude oil characterized as 
the picrate, m.p. and mixed m.p. 258°. Elution with ether gave a brown oil (0.10 g) 
which formed a picrate from alcohol. This picrate was recrystallized from acetone 
giving small yellow needles, m.p. 202-203° (decomp.), which analyzed for the picrate of 
N-methyl-N-3’-pyridylaniline. Found: C, 52.09; H, 3.14; N, 17.30. Calc. for Ci2Hi2No, 
C.H;07N3: C, S231; H, aan: N, 16.94. 


2-Nitro-N-3'-pyridylaniline 

3-Aminopyridine (0.94 g), o-bromonitrobenzene (2.02 g), anhydrous potassium car- 
bonate (2 g), and copper bronze (0.05 g) in xylene (20 ml) were boiled under reflux for 
6 hours. The solvent was decanted off and the residue extracted repeatedly with boiling 
benzene, the combined extracts were treated with dilute hydrochloric acid, the acid 
solution made alkaline, saturated with sodium chloride, and extracted with benzene. 
The benzene solution was chromatographed on a short column of alumina. Elution with 
ether gave 2-nitro-N-3’-pyridylaniline (0.62 g) as a dark red solid, m.p. 90°, which 
crystallized from water containing a little ethanol in slender orange-red needles, m.p. 
95-96°. Found: C, 61.50; H, 4.51. Calc. for Ci,HgO2N3: C, 61.39; H, 4.42. 


Attempted Tosylation of 2-Nitro-N-3'-pyridylaniline 

The nitro compound (60 mg) and tosyl chloride (60 mg) in 2 ml of redistilled pyridine 
were boiled under reflux for 24 hours. Addition of water and recovery of the solid which 
precipitated gave unchanged starting material, m.p. 95-96°. 

Similar results were obtained on attempted mesylation and acetylation (even in the 
presence of perchloric acid). 
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THE CONDENSATION OF GLYOXAL WITH p-CRESOL 


ALEX ROSENTHAL AND ALEC ZAIONCHKOVSKY 


The preparation of condensation products from glyoxal and phenolic substances has 
been of considerable interest in the past decade. Chwala and Bartek (1) reported the 
condensation of glyoxal sulphate with phenol in the presence of mineral acids to yield a 
resin. At about the same time, Stevens and Dubbs (2) found that the reaction of 2-tert- 
butyl-4-methylphenol with glyoxal in the presence of acetic acid, hydrochloric acid, and 
zinc chloride afforded water-insoluble compounds. They also isolated, in unspecified 
yield, a substituted benzofuro[2,3-b]benzofuran. Groote and Keiser (3) have reported 
that the condensation of glyoxal with a phenol yielded low-stage resins. 

In our investigation on the condensation of glyoxal with p-cresol, we employed two 
different reaction media. In the first runs, the reactants were condensed in an aqueous 
system using acetic acid and sulphuric acid as catalyst, whereas in later experiments the 
condensations were carried out in bis-(2-ethoxyethyl) ether using p-toluenesulphonic acid 
as catalyst. 

When equimolar ratios of glyoxalmonohydrate and p-cresol were heated in aqueous 


acetic acid containing sulphuric acid as catalyst, a 70% yield of a crystalline material 


was obtained. Recrystallization of this substance from ethanol afforded 5,5'!-dimethyl- 
coumarano-3!,2!,2,3-coumaran (I). The structure of compound I was confirmed by direct 
comparison with an authentic sample (4). 
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It is interesting to compare the prominent infrared spectral bands of 5,5'-dimethyl- 
coumarano-3',2',2,3-coumaran (listed in the experimental) with those of other cyclic as 
well as straight-chain ethers. The fact that the coumarano-coumaran exhibited pronounced 
absorption at 1250 cm™ provides additional confirmation for the generalization that the 
C—O—C of ring compounds probably absorbs at something like the same frequency as 
it does in open-chain products (5, 6). The band at 1095 cm is ascribed to the asym- 
metrical ring stretching vibration (7). 

Repeated attempts to condense anhydrous glyoxal with p-cresol in bis-(2-ethoxyethy]l) 
ether using p-toluenesulphonic acid as catalyst, under various temperatures and in closed 
and open systems, were unsuccessful. Almost quantitative’ conversion of glyoxal into 
polymeric form occurred. 


EXPERIMENTAL 
Anhydrous glyoxal was prepared by heating glyoxalmonohydrate with phosphorus 
pentoxide in a dry all-glass apparatus fitted with a condensing trap cooled in dry ice. 
Condensation of Glyoxal with p-Cresol 
Procedure A.—Glyoxal monohydrate (2.6 g) dissolved in 15 ml water, and p-cresol 
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(3.6 g) dissolved in 10 ml glacial acetic acid, were mixed and placed in an apparatus 
fitted with a condenser. To the stirred preheated mixture, 5 ml of concentrated sulphuric 
acid was added dropwise. The voluminous precipitate was removed by filtration, washed 
with hot water, and dried: yield, 3.5 g. The material was recrystallized several times 
from ethanol, m.p. 192-194° C; mixed m.p. with an authentic sample of 5,5'-dimethyl- 
coumarano-3!,2!,2,3-coumaran (4), 191-194° C; infrared data in Nujol: 1600 (w), 1495 
(s), 1330 (w), 1250 (m), 1195 (w), 1130 (w), 1095 (w), 990 (s). Anal. Calc. for CygHy4O>: 
C, 80.65; H, 5.88. Found: C, 80.66; H, 6.26. 

Procedure B.—Glyoxal monohydrate (5.3 g), p-cresol (7.1 g), and p-toluenesulphonic 
(0.25 g) were heated in a sealed Carius tube at 102° C for 14 hours. The product was 
extracted with acetone and precipitated by addition of water. Recrystallization of the 
product from ethyl alcohol gave 0.85 g of 5,5!-dimethylcoumarano-3!,2!,2,3-coumaran. 

Procedure C.—Fusion of the same reactants as described in procedure B at 130-140° C 
for 10 minutes gave 0.2 g of the coumaran. 

Procedure D.—A solution of anhydrous glyoxal (0.72 g), p-cresol (1.30 g), and p- 
toluenesulphonic acid (0.050 g) dissolved in 15 ml of anhydrous bis-(2-ethoxyethyl) ether 
was allowed to react at 0° C in a sealed Carius tube for 24 hours. Addition of petroleum 
ether (200 ml) to the reaction mixture caused a precipitate (0.72 g) to form, m.p. 140- 
150° C (decomp.). This material showed strong absorption in the infrared at about 
3400 cm~!. The product, when heated to a temperature above 170° C, gave off yellowish 
fumes of glyoxal. When anhydrous gloxal was reacted with p-cresol in bis-(2-ethoxyethyl) 
ether at elevated temperatures only polymerized glyoxal was obtained. 
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NUCLEAR MAGNETIC RESONANCE SPECTRA OF SOME MODEL INDOLINE 
DERIVATIVES* 


STEWART McCLEANtT 


The nuclear magnetic resonance spectra of three model indoline derivatives have been 
analyzed in order to obtain support for the assignment of certain N.M.R. peaks to 
particular structural features in dihydroindole alkaloids under investigation. 
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(a) Ri = CHs; R; = R; = H 
I (6) Ri= CH;CH2; R2z = R; = 
(c) Ri = Re = R; = CH; 





The aromatic protons of N-acetylindoline (Ia) appeared in two parts of the spectrum, 
the C; proton (split by the other protons in the ring) as a doublet centered at —0.93 
p.p.m. (spacing of 8.5 c.p.s.) and the remaining ring protons as a complex multiplet 
centered at about 0.22 p.p.m.* The corresponding peaks in N-propionylindoline (Ib) 
were at —0.94 p.p.m. (spacing of 8.5 c.p.s.) and at about 0.27 p.p.m., and in N-acetyl- 
2,3,3-trimethylindoline (Ic) at —0.52 p.p.m. (unresolved) and at about 0.35 p.p.m. The 
appearance of the C; proton signal at low field is potentially diagnostic for the absence 
of other substitution at the equivalent position in alkaloids of this partial structure. The 
protons at positions 2 and 3 in both Ia and Ib gave rise to the pair of triplets predicted 
for an A2Be system approaching the A2X¢2 limit (2). The low-field signal was centered 


_at 3.27 p.p.m. in the former and at 3.43 p.p.m. in the latter, and the high-field signals 


were centered at 4.15 p.p.m. and 4.28 p.p.m., respectively (the spacing was 8.5 c.p.s. 
for both). The proton at position 2 in Ic gave rise to the A part of an AX; system (the 
C.—CH,; is the X part) and appeared as a quartet centered at 3.28 p.p.m. (J = 6.5 
c.p.s.), Supporting the assignment made to the corresponding proton in aspidocarpine (3). 

The acetyl protons of Ia and Ic gave rise to single sharp peaks at 5.10 and 5.08 p.p.m., 
respectively. The propionyl protons of Ib produced the expected quartet (two protons 
of CH) centered at 5.00 p.p.m. and triplet (three protons of CH;) centered at 6.13 
p-p.m. (J = 8 c.p.s.). 

The methyl groups at positions 2 and 3 of Ic produced three sharp peaks (total area 
equivalent to nine protons) at 6.05, 6.18, and 6.30 p.p.m. with relative intensities 2:3:1, 
which could be accounted for in the following way. The C2 methyl group split by the 
C. proton formed a doublet at 6.18 and 6.30 p.p.m., one peak of which accidentally 
overlapped the peak at 6.18 p.p.m. produced by one of the C; methyl groups. The second 
C; methyl group produced the peak at 6.05 p.p.m. 


EXPERIMENTAL 


N-Acetylindoline— m.p. 106-106.5°, was prepared from indoline and acetic anhy- 
dride (4). 

N-Propionylindoline— white needles, m.p. 104.5-105° from 95% ethanol, was pre- 
pared from indoline and propionic anhydride. Anal. Calc. for C1sHisON: C, 75.40; H, 
7.48; N, 7.99. Found: C, 75.68; H, 7.49; N, 8.26. 

N-Acetyl-2,3,3-trimethylindoline.—2,3,3-Trimethylindolenine (Aldrich Chemical Co.) 
(232 mg) was hydrogenated with pre-reduced platinum oxide catalyst in acetic anhydride. 
One mole of hydrogen was taken up rapidly. The catalyst was removed by filtration and 

*Spectra were obtained with a Varian Associates high-resolution nuclear magnetic resonance spectrometer 
operating at 60 Mc/sec frequency. Chloroform was employed both as a solvent and as an internal reference; its 
proton resonance was assigned a value of zero part per million and the scale was fixed from the position of the 
associated C* (natural abundance) peaks which were shown to have a value of +1.75 p.p.m. Solutions were 


approximately 0.5 M and solvent effects were neglected. Accuracy to +0.04 p.p.m. was anticipated on this 
scale. Chloroform has the value 2.75 p.p.m. on the Tiers scale (1). 
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the filtrate was warmed and evaporated under reduced pressure. A chloroform solution 
of the residue was washed with dilute sulphuric acid and then with dilute sodium car- 
bonate solution. The solution was dried (sodium sulphate) and evaporated. The residue, 
a yellow oil, distilled under reduced pressure, yielded an almost colorless oil (230 mg), 
b.p. 70-72°/10-! mm, showing strong absorption at 1644 cm in the infrared. Anal. 
Calc. for C3Hi7ON: C, 76.81; H, 8.43; N, 6.89. Found: C, 76.98; H, 8.43; N, 6.84. 
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SCISSION OF STERICALLY HINDERED vic-DIOLS* 
H. R. GoLpscHMIDjf AND A. S. PERLIN 


The scission of vic-diols by lead tetraacetate (1) and periodic acid (2, 3) is strongly rate 
dependent on the stereochemistry of the glycol group attacked. This property has led to 
the view (4), now generally accepted, that the reaction usually involves formation of a 
coplanar cyclic intermediate complex between the glycol and oxidant. Complexing of this 
type is unlikely to occur if the projected valency angle of the glycol group is held rigidly 
in the region of 120-180° (5, 6, 7). Such a steric arrangement is found in several com- 
pounds that contain a trans-glycol group situated in a fused or bridged ring system, and 
the fact that these compounds fail to react with lead tetraacetate or periodate is in 
excellent agreement with the concept of the cyclic intermediate. In this group of sterically 
hindered glycols are 1,6-anhydro-8-D-glucofuranose and -a-D-galactofuranose (8), the two 
trans-2,3-camphanediols (9), cholestane-38,68,7a-triol (10), 4,6-O-benzylidene methyl 
a-D-altropyranoside (11), and 2,6-anhydro-8-p-fructofuranose (12). 

Steric effects that are strongly evident for oxidations with lead tetraacetate in acetic 
acid were noted by Hockett and Mowery (13) to be much less marked when pyridine was 
used as solvent. This observation suggested that the steric requirements for lead tetra- 
acetate oxidation are less critical in pyridine than under the more usual reaction conditions, 
and prompted us to test the stability of the sterically hindered glycols towards lead tetra- 
acetate in pyridine. Several of these compounds have now been examined and found, in 
fact, to be oxidized readily (Table I). That the reactions constitute true glycol cleavage 
is indicated by the degradation of 4,6-O-benzylidene methyl a-pD-altropyranoside (I) (as 
well as the corresponding D-glucoside) to the dialdehyde isolated, as the hemialdal hydrate 

*Issued as N.R.C. No. 5978. 

+ National Research Council of Canada Postdoctorate Fellow, 1958-1960. 


tTrans-9,10-Decalindiol also appears unable to attain such a transition state but is nevertheless oxidized by 
lead tetraacetate, possible via an acyclic pathway (7). However, this compound resists attack by periodate (10). 
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O—CH. o—-Cc : 
/ 24 / Meo 
Ph— a + Hg0 
ANY OCH, WN yeben; 
OH of Oo OH 
I Il 
TABLE I 
Scission of vic-diols by lead tetraacetate in pyridine (moles of oxidant consumed/mole 
at 0° C) 
“ 2,6-Anhydro-8-D-fructofuranose —_trans-2-Exo-3-endo-camphanediol* 
ime 
(minutes) (2 moles)t {4.5 moles) (3 moles) (4.5 moles) 
15 0.11 0.60 0.35 0.83 
30 0.19 0.69 0.42 0.93 
60 0.29 0.81 0.50 1.00 
180 0.44 1.02 _ 1.06 
480 0.57 1.30 —_ 1.08 
4,6-O-Benzylidene methy] a-p-glycopyranoside 
p-Altro- D-Gluco- 
(5 moles) 
5 0.51 1.01 
15 0.71 1.02 
30 0.82 1.07 
60 1.03 — 
180 1.04 1.16 
Ethyl 8-p-fructofuranoside and derivatives 
1,6-Di-O-trityl-} 1,6-Di-O-tosyl- Glycosidet 
(1.6 moles)§ (5 moles) (1.7 moles)§ (2.0 moles) 
15 0.54 1.02 —_ 0.88 
30 0.63 0.98 0.95 1.03 
60 0.72 1.00 0.96 1.18 
90 0.74 — 1.04 1.21 





*Closely similar data were obtained for the 2-endo-3-exo-isomer. 
+Figures in parentheses give the number of moles of lead tetraacetate used per mole of substrate. 
| ann d similar data were obtained for the a-anomer. 

Temperature, 25° C. 


(II) (14), formed by periodate oxidation of 4,6-O-benzylidene methyl] a-D-glucopyranoside* 
(14, 15, 16).T 

A normally ‘‘slow’’ diol (17), trans-1,2-cyclopentanediol, was very rapidly oxidized, the 
observed uptake being 0.9 to 1.0 mole of lead tetraacetate per mole in 5 minutes reaction 
time, irrespective of whether the excess of oxidant used was 0.25, 1.0, or 3.0 moles per 
mole. By contrast, the rate of oxidation of the hindered diols fell off sharply at well below 


*4 6-O-Benzylidene methyl a-D-glucopyranoside is oxidized at an unusually slow rate by periodate (11, 16). It 
also is extremely resistant to attack by lead tetraacetate in acetic acid, a property that is exhibited also by e,e trans- 
diols situated on 1,4-bonded central units of oligosaccarides (18). In pyridine, however, the benzylidene derivative 
is rapidly oxidized by lead tetraacetate (Table I and Experimental section). 

+Cholestane-3B,68,7a-triol (10) (a sample of which was kindly provided by Prof. S. J. Angyal) is more resistant 
to oxidation than the other compounds examined: the observed rate of lead tetraacetate uptake (mole/mole(min)) 
was 0.84 (15), 0.55 (90), and 0.80 (360). This result contrasts strongly with the behavior of I (Table I), which 
also contains a diaxal glycol group, and may be related to the greater rigidity of ring B in the cholestane derivative 
than of the pyranoside ring in I. 
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the theoretical level if an excess of only 1 to 2 moles of lead tetraacetate was used (Table 
I). With an excess of 3 to 4 moles the data were much more satisfactory (Table I). The 
marked drop in reaction rate at the lower level of concentration may possibly be related 
to Criegee’s suggestion (4) that acetic acid, formed in the reduction of lead tetraacetate 
to the diacetate, can depress the rate of oxidation in a solvent other than acetic acid 
by a mass-action effect. Such an effect would be most readily apparent with the most 
highly hindered glycols. 

Although the stoichiometry of the various reactions examined is close to the theoretical 
value under suitable conditions, slow overoxidation is always evident (Table I). Because 
of this non-specific overoxidation several hydroxylated compounds, other than 1,2-glycols, 
were examined. In this group were 1,2,3,4- and 2,3,4,6-tetra-O-acetyl-D-glucopyranose; 
1,3-dihydroxypropane; 1,3-dihydroxy-2,2-dimethylpropane; pentaerythritol; 1,6-dihy- 
droxyhexane; 2,5-dihydroxyhexane; and 1,3,6-trihydroxyhexane. Of these compounds, 
only 1,3-dihydroxypropane was attacked to a significant degree during the period of 1 to 
2 hours (Table I) required for complete oxidation of the hindered glycols, the consumption 
in 2 hours reaction time being 0.12 mole of lead tetraacetate per mole. With a more 
prolonged oxidation period (8 to 24 hours), several of the compounds reduced a small 
proportion of oxidant (0.1 to 0.2 mole/mole), and with pentaerythritol the consumption 
reached a value of 0.6 mole/mole in 24 hours. It is clear, therefore, that in testing for the 
presence of a 1,2-diol group in an unknown compound with lead tetraacetate in pyridine, 
prolonged reaction periods should be avoided. 

Pyridine is particularly suitable for the glycol-cleavage oxidation of certain classes of 
compounds which might be unstable or poorly soluble in media used more commonly. 
Hockett and co-workers (13, 19) first employed this solvent for lead tetraacetate oxidation 
of sucrose and trityl ethers of methyl D-arabopyranoside, compounds unstable in acetic 
acid. Similarly, we have found these conditions of oxidation useful for determining the 
structure of trityl- and tosyl-derivatives of ethyl a- and 6-p-fructofuranoside (12). The 
1,6-ditrityl ether of these glycosides exhibited behavior that is characteristic of the highly 
hindered diols described above, in that their oxidation rates dropped sharply when a 
small excess of lead tetraacetate was used (Table I). As shown by Smith and co-workers 
(20), periodate oxidation may be inhibited when a trityl or phenyl group is in close 
proximity to the vic-diol, the effect being attributed to steric interference. However, 
interference by bulky substituents does not appear to account fully for the retarded 
oxidation rate of the ditrityl-p-fructofuranosides, because the corresponding 1,6-ditosyl 
derivative reacts readily and quantitatively (Table 1). 


EXPERIMENTAL 


Lead tetraacetate was dried im vacuo over solid potassium hydroxide, and pyridine 
was freshly distilled over solid potassium hydroxide. 


Measurement of Lead Tetraacetate Uptake 

The stopping solution (1) used (per milliliter of reaction mixture) contained potassium 
iodide (1.0 g), sodium acetate (2.7 g, anhydrous) in water (10 ml). Acetic acid (3 ml) was 
added to the stopping solution immediately before an aliquot of the oxidation mixture 
in order to complete the liberation of iodine. A bulky yellow precipitate is formed when 
lead tetraacetate in pyridine is mixed with the stopping solution; determination of the 
iodine with thiosulphate was facilitated by adding starch indicator at the outset, the 
suspension being titrated until the pea-green color was discharged. 
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In a typical experiment, 2,6-anhydro-8-p-fructofuranose (13:0 mg) in pyridine (4 ml) 
was treated at 0° C with a solution of lead tetraacetate (160 mg) in pyridine (6 ml). (The 
solution of lead tetraacetate in pyridine is deep brown in color, and the intensity of the 
color diminishes as oxidant is used up.) At chosen intervals, 1-ml portions of the reaction 
mixture were transferred to the stopping solution, and the liberated iodine was titrated 
immediately with thiosulphate. 


Oxidation of 4,6-O-Benzylidene Methyl a-v-Altropyranoside (1) 

Toa solution of the benzylidene glycoside (282 mg) in pyridine (15 ml), lead tetraacetate 
(1.32 g) was added. After 25 minutes at room temperature the reaction mixture was 
treated with oxalic acid dihydrate (4.0 g) and a few drops of water. The precipitate was 
filtered off, the filtrate concentrated im vacuo at 45° C, and the residue obtained was 
taken up in hot aqueous acetone. A crystalline product (201 mg) was deposited from the 
cooled solution, and after recrystallization from aqueous acetone the product II (14) had 
a melting point of 130-133°C and [a]?” +62.8° (c, 1.9, pyridine). Calculated for 
Cy4H1s07-H20: C, 53.16%; H, 6.37%. Found: C, 53.25%; H, 6.44%. 

On treatment with hot phenylhydrazine acetate the product yielded glyoxal bis-phenyl- 
hydrazone, m.p. 164-166° C, undepressed. 

The above hemialdal hydrate furnished a bis-cyclohexylamine derivative (14) with a 
melting point of 115-117° C and [a]?’ —32.6° (c, 1.2, pyridine). Calculated for CogH3s0.N2: 
C, 70.55%; H, 8.65%. Found: C, 70.48%; H, 8.86%. 


Oxidation of 4,6-O-Benzylidene Methyl a-D-Glucopyranoside 

The benzylidene glycoside (282 mg) was treated in pyridine (10 ml) with lead tetra- 
acetate (618 mg) for 15 minutes at room temperature. Excess oxidant was reduced with 
oxalic acid, and the reaction mixture was worked up, affording compound II (14), m.p. 
130-133° C, undepressed, and [a]?” +63.0° (c, 1.8, pyridine). Calculated for C14H1s07. H20: 
>, 53.16%; H, 6.37%. Found: C, 53.54%; H, 6.16%. 

On treatment with hot phenylhydrazine acetate the product yielded glyoxal bis-phenyl- 
hydrazone, m.p. 164-166° C, undepressed. 

The derived bis-cyclohexylamine derivative (14) had a melting point of 115-117° C, 
undepressed and [a]2? —31.9° (c, 1.2, pyridine). Calculated for CosHasO4No: C, 70.55%; 
H, 8.65%. Found: C, 70.56%; H, 8.59% 

The X-ray powder diagrams setahinik from the above hemialdal hydrate and its 
bis-cyclohexylamine derivative were indistinguishable from the corresponding materials 
obtained from 4,6-O-benzylidene methyl a-D-altropyranoside. 


The authors gratefully acknowledge a gift of trans-2-exo-3-endo- and -2-endo-3-exo- 
camphanediol from Prof. S. J. Angyal, and of 4,6-O-benzylidene methyl a-D-altropyrano- 
side from Dr. A. C. Neish. They also thank Mr. J. W. L. C. Christ for technical assis- 
tance. Microanalyses were performed by Mr. M. Mazurek and X-ray powder diagrams 
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